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Abstract 
 
Ultrafine particles (UFP) are defined as particulate matter with a diameter smaller than 0.1 μm. 
Because of their reduced size and consequently very low mass, they are usually expressed in particle 
number concentration (PNC), in particles per cubic centimetre (pt.cm-3). There have been growing 
evidences that long-term exposure to UFP may induce or aggravate pulmonary and cardio-respiratory 
health conditions and are linked to increased hospitalization and mortality rates. More recently, they have 
also been linked to neurological diseases and to children cognitive development issues. 
Airports, road traffic and maritime transport have been identified as significant sources of ultrafine 
particulate matter. There is lack of information regarding PNC in the vicinity of airports. In the case of Lisbon 
Airport (LA), located within the city and surrounded by housing areas, offices, schools, hospitals and sport 
and recreational complexes, knowing their levels assumes vital relevance. In-land passenger ferries are 
also a source of UFP, far less addressed. A significant fraction of a person's total daily exposure to fine and 
ultrafine particles occurs during home-work commuting periods. Therefore, microenvironments influenced 
by different transport modes are particularly relevant. Thus, to associate their contribution with to UFP 
concentrations is important and allows the estimation of their contribution to air quality degradation within 
the city and the degree of population exposure.  
This work aims to assess the effect on UFP concentrations from road, air and river traffic modes, in 
Lisbon. UFP monitoring campaigns were carried out between July 2017 and December 2018, for a 36 non-
consecutive days period, complying approximately 160 hours of suitable measurements. Concerning road 
traffic, three sites were chosen with different traffic patterns, vehicle circulation, legal restrictions and 
different flow intensity of pedestrians close-by. Regarding air traffic, the monitoring network was designed 
to include several sampling sites in the vicinity of LA and a set of sites further away, under the landing and 
take-off path. Finally, to assess the in-land ferries-related UFP levels, the sampling sites were chosen in 
order to maximize measurements under downwind conditions and allow the association between ferry 
operations and PNC response. 
Based on the information collected, the obtained levels were analysed and several statistical 
analysis were performed, particularly searching for correlations between UFP concentrations and the three 
different traffic activity modes. Concerning road traffic, in Av. da Liberdade, results show high peak values 
of 1-minute PNC mean (up to 75 x 103 pt.cm-3). This avenue (downtown, in the most striker Low Emission 
Zone (LEZ1)) presents the higher PNC levels and dispersion (18.2 ± 13.2 x 103 pt.cm-3) followed by a high-
speed road (2nd Circular, 15.0 ± 12.2 x 103 pt.cm-3). The lowest values were found at an interception close 
to LEZ2 boundary (Entrecampos, 10.3 ± 5.1 x 103 pt.cm-3). Moreover, the results of analysis of variance 
(ANOVA) show that PNC levels are statistically different among the sampled locations. Results suggest that 
PNC are strongly dependent on the type and age of vehicles: light-duty vehicles, taxis and buses. PNC peak 
values were mainly associated with vehicles prior to the Euro 3/III Standard. Finally, results show a strong 
 x 
positive correlation, statistically significant, between hourly mean values of PNC and PM10 (r = 0.76, p < 
0.01) and a moderate positive correlation between PNC and nitrogen oxides (r coefficients of 0.55, 0.51 and 
0.59, with all p-values lower than 0.01, for NO, NO2: and NOx, respectively). Regarding air traffic, results 
show the occurrence of high UFP concentrations in LA vicinity. Considering 10-minutes means, the particle 
counting increases by 18 to 26-fold at downwind locations near the airport, and by 4-fold at locations up to 
1 km distance to LA. Results show that particle number increases with the number of flights and decreases 
with the distance to LA. Finally, concerning ferries, data show that UFP emitted contributes to PNC increase 
in the surrounding area. Results show an increase in PNC, ranging from 25 to 197% during the third minute 
before an arrival or departure of a ship, with moderate to positive correlations, statistically significant, 
between PNC values and the number of ferry operations (r = 0.79 to r = 0.94). Moreover, negative 
correlations (r = -0.85 to r = -0.93) between PNC and wind intensity were also found.  
This work, based on Lisbon study-case, show that people working, living or spending a considerable 
amount of time close to intense traffic roads, nearby the airport or close to ferries’ stations or downwind to 
their cruising path are exposed to high UFP concentrations with a magnitude which may lead to considerable 
health risks. 
 
Keywords: Air pollution; Particle number concentration (PNC); Lisbon; Monitoring; Road traffic; 
Airport vicinity; In-land passenger ferries. 
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Resumo 
 
As partículas ultrafinas (UFP) definem-se como material particulado com diâmetro inferior a 0.1 μm. 
Devido ao seu tamanho reduzido e, consequentemente, reduzida massa, são geralmente expressas como 
concentração do número de partículas (PNC), em partículas por centímetro cúbico (pt.cm-3). Existem 
evidências crescentes de que a exposição prolongada a UFP pode induzir ou agravar as condições de 
saúde pulmonar e cardiorrespiratória estando associada ao aumento das taxas de hospitalização e 
mortalidade. Mais recentemente, têm também sido associadas a doenças neurológicas e a problemas no 
desenvolvimento cognitivo das crianças. 
Os aeroportos, tráfego rodoviário e transporte marítimo foram identificados como fontes 
significativas de partículas ultrafinas. A informação sobre PNC nas imediações dos aeroportos é reduzida. 
No caso do Aeroporto de Lisboa (LA), localizado dentro da cidade e rodeado por zonas habitacionais, 
escritórios, escolas, hospitais e complexos desportivos e recreativos, o seu conhecimento assume uma 
enorme relevância. Os barcos de transporte fluvial de passageiros (ferries), são igualmente uma fonte de 
UFP, cujo conhecimento é muito limitado. Uma fração significativa da exposição diária total de uma pessoa 
a partículas finas e ultrafinas ocorre durante os períodos de deslocação, nomeadamente casa-trabalho. 
Portanto, os microambientes influenciados por diferentes modos de transporte são particularmente 
relevantes. Desta forma, associar a sua contribuição às respetivas concentrações de UFP nas 
proximidades é importante, para além de permitir estimar a sua contribuição na degradação da qualidade 
do ar na cidade e o grau de exposição da população. 
Este trabalho tem como objetivo avaliar o efeito do tráfego rodoviário, aéreo e fluvial na 
concentração de UFP na cidade de Lisboa. Foram realizadas campanhas de monitorização de UFP entre 
Julho de 2017 e Dezembro de 2018, por um período de 36 dias não consecutivos, perfazendo 
aproximadamente 160 horas de medições válidas. No que respeita ao tráfego rodoviário foram 
selecionados três locais apresentando diferentes perfis de tráfego, restrições de circulação automóvel e 
fluxos pedestres próximos. Relativamente ao tráfego aéreo, a rede de monitorização foi projetada para 
incluir vários locais de amostragem na vizinhança do LA e um conjunto de locais mais distantes do 
aeroporto, sob as rotas de aterragem e descolagem. Finalmente, para avaliar os níveis de UFP 
relacionados com os ferries, foram escolhidos locais de amostragem por forma a maximizar as medições 
sob condições a jusante do vento, permitindo associar movimentos de ferries à respetiva resposta de PNC. 
Com base nas medições efetuadas, avaliaram-se os níveis obtidos e aplicaram-se diversas 
análises estatísticas, em particular procurando identificar a existência de correlações entre concentrações 
de UFP e o nível de atividade dos três diferentes de modos de tráfego. Relativamente ao tráfego rodoviário, 
na Av. da Liberdade, os resultados mostram elevados valores de pico das médias de 1-minuto de PNC (até 
75 x 103 pt.cm-3). Esta avenida (baixa citadina, na Zona de Emissões Reduzidas (LEZ1) mais exigente) 
apresenta os níveis e dispersão de PNC mais elevados (18.2 ± 13.2 x 103 pt.cm-3), seguidos por uma via 
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de alta velocidade (2ª Circular, 15.0 ± 12.2 x 103 pt.cm-3). Os menores valores foram registados num 
cruzamento próximo do limite da LEZ2 (Entrecampos, 10.3 ± 5.1 x 103 pt.cm-3). Adicionalmente, os 
resultados da análise de variância (ANOVA) mostram que os níveis de PNC identificados são 
estatisticamente diferentes entre os locais amostrados. Os resultados sugerem que a PNC é fortemente 
dependente do tipo e idade dos veículos: veículos comerciais ligeiros, táxis e autocarros. Os valores de 
pico de PNC estão principalmente associados a veículos anteriores à Norma Euro 3/III. Finalmente, os 
resultados mostram uma correlação positiva forte, estatisticamente significativa, entre os valores médios 
horários de PNC e PM10 (r = 0.76, p <0.01) e correlação positiva moderada entre PNC e óxidos de azoto 
(coeficientes r de 0.55, 0.51 e 0.59, para NO, NO2 e NOx, respetivamente, com todos os valores p inferiores 
a 0.01). Em relação ao tráfego aéreo, os resultados mostram a ocorrência de concentrações elevadas de 
UFP na vizinhança do LA. Considerando médias de 10 minutos, a contagem de partículas é 18 a 26 vezes 
superior aos valores de fundo em locais próximos ao aeroporto, a jusante do vento, e quatro vezes em 
locais até 1 km de distância do LA. Os resultados mostram que o número de partículas aumenta com o 
número de voos e diminui com a distância ao LA. Finalmente, relativamente aos ferries, os dados mostram 
que as UFP emitidas contribuem para o aumento da PNC na área circundante. Os resultados mostram um 
aumento na PNC variando de 25 a 197% durante o terceiro minuto antes ou após o movimento de chegada 
ou partida de um barco, com correlações moderadas a positivas, estatisticamente significativas, entre os 
valores de PNC e o número de operações de ferries (r = 0.79 r = 0.94). Foram também encontradas 
correlações negativas (r = -0.85 a r = -0.93) entre a PNC e intensidade do vento. 
O presente trabalho, com base no caso de estudo de Lisboa, indica assim que pessoas que 
trabalham, vivem ou passam uma quantidade considerável de tempo perto de estradas de tráfego intenso, 
perto do aeroporto ou perto dos locais de atracação de barcos de passageiros ou ferries ou ainda a jusante 
do vento na rota de navegação, estão expostas a elevadas concentrações de UFP com uma magnitude 
que constitui à partida um risco considerável para a sua saúde. 
 
Palavras-chave: Poluição atmosférica; Lisboa; Concentração do número de partículas (PNC); 
Monitorização; Tráfego rodoviário; Aeroporto; Ferries. 
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1 INTRODUCTION 
1.1 BACKGROUND 
Air pollution, mainly in great urban areas, had become a major problem over the past years. Urban air 
pollution is mostly associated with the transport sector. The main primary pollutants are airborne particulate 
matter (PM), nitrogen oxides (NOx, mostly nitrogen monoxide, NO, and nitrogen dioxide, NO2, often 
expressed as NO2), uncombusted hydrocarbons (HC) and carbon monoxide (CO) (Kousoulidou et al., 2008). 
Many studies identify road traffic related emissions as the main responsible for air quality degradation in 
urban areas (e.g. Anenberg et al., 2017). Even with improved exhausting systems, due to higher traffic levels, 
air pollution should keep an increasing tendency in certain regions of the world (WHO, 2005). Also, some 
authors have been studied other contributions, such as tire-road interference in ultrafine particulate 
emissions. Ultrafine particles are generated under extreme driving conditions, i.e., full stop braking, at the 
tire road interface (Mathissen et al., 2011). Considering other transport modes, such as airports, maritime 
traffic and in-land passenger ferries currently using combustion engines are also responsible for emissions 
of particulate matter, nitrogen oxides, carbon monoxide and volatile organic compounds (VOC) which 
contribute for a deterioration of air quality (Anenberg et al., 2017; Hagler et al., 2010; Kousoulidou et al., 
2008; López-Aparicio et al., 2017; Sardar et al. 2005; Stafoggia et al., 2016; Zhu et al., 2002a,b). 
According to the World Health Organization (WHO) particulate matter database, more than 80% of 
people living in urban areas where air pollution is monitored are exposed to air pollution that exceed WHO’s 
air quality limits (WHO, 2018). The database, which currently covers 4300 cities in 108 countries, points that 
97% of cities in low and middle-income countries with more than 100 000 inhabitants do not meet WHO air 
quality guidelines, whereas in in high-income countries the percentage decreases to 49%. The increase in 
air pollution levels monitoring recognizes their association with health impacts: as urban air quality declines, 
the risk of stroke, heart disease, lung cancer, and chronic and acute respiratory diseases, including asthma, 
increases for the people who live there. Moreover, WHO estimates a worldwide 4.2 million deaths every year 
as a result of exposure to ambient air pollution and that 91% of the world’s population lives in areas where 
air quality exceeds the global defined guidelines limits for PM10 and PM2.5 (particulate matter with 
aerodynamic diameter less than 10 µm and 2.5 µm, respectively) annual means: 20 µg.m-3 for PM10 and 10 
µg.m-3 for PM2.5. (WHO, 2006). Course particles (PM10) are inhalable, and they can easily reach people’s 
lungs and fine particles (PM2.5) may even entering the bloodstream. 
Over the past years, specific components of PM came into focus: ultrafine particulate matter (UFP), 
which consists in particles with aerodynamic diameter less than 0.1 µm (100 nm).The urban main source of 
UFP is also combustion engines and they are able to reach cellular level and cause intracellular damages 
(Carosino et al., 2015). However, the impact of UFP on human health is still under studying and the results 
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are inconclusive, despite the possibility of being even more harmful than fine particles (PM2.5) (Lanzinger et 
al., 2016).  
Behind particulate matter, nitrogen oxides, carbon monoxide, volatile organic compounds and 
tropospheric ozone (O3) must also be taken in consideration due to their negative and sometimes synergetic 
impacts on air quality (AQ). Nitrogen oxides are linked to respiratory problems, mucous tissues irritation and 
central nervous system damages. In particular, nitrogen oxide, has been linked to premature mortality and 
morbidity in result of cardiovascular and pulmonary diseases. Carbon monoxide is considered toxic once it 
may connect to haemoglobin and disable its ability to bloodstream transport oxygen from lungs to cells.  
Depending on their chemical nature, VOCs effects on human health may vary from simple olfactive 
discomfort to breathing problems and even carcinogenic effects. Ozone is a secondary pollutant and 
therefore in urban areas, is mainly produced in the presence of sunlight (wavelength less than 400 nm) by 
photochemical reactions where volatile organic compounds are oxidized by nitrogen oxides, both emitted by 
combustion engines. Moreover, ozone is the major component of photochemical smog and it is related to 
respiratory diseases such breathing problems, asthma and reduced lung function. Aside these health issues, 
tropospheric ozone is a short-lived greenhouse gas. Additionally to their role as ozone precursors, VOC and 
NOx are dangerous air pollutants themselves (http://www.ccdr-lvt.pt/pt/o-ar-e-os-poluentes-
atmosfericos/8082.htm). Furthermore, particulate matter interferes with the radiative budget and albedo and 
therefore has impact on climate; nitrogen oxides are responsible for acidification and both ozone and volatile 
organic compounds are harmful to vegetation. 
When speaking about air quality is not controlled exclusively by the amount of pollutants emitted. 
Meteorological conditions play also a crucial role in transport, transformation and dispersion processes of 
atmospheric pollutants. Additionally, these processes are affected by local topography and meteorological 
factors such as wind intensity and direction, atmospheric pressure, temperature, precipitation and solar 
radiation (Mu et al., 2011; Pateraki et al., 2012; Shen et al., 2009; Tai et al., 2010; Wang et al, 2018), 
Pollutants dispersion in the atmosphere are mainly driven by wind speed and direction. On one hand, 
wind speed generates mechanical turbulence, which is responsible for local dispersion. Therefore, low wind 
speeds lead to high pollutants concentration and moderate wind speeds promote their dispersion, lessening 
their ambient concentrations. On the other hand, strong wind may induce vortices’ effects which might lead 
to high pollutants concentration in the predominant wind direction, downwind to the source(s) (Grundström, 
2015; Guldmann, 2011; Hudda et al., 2018; Kim and Guldmann, 2011; Russo et al., 2014a). Regarding 
atmospheric pressure, low pressure systems (cyclones) are generally associated to atmospheric high 
turbulence, enhancing pollutants dispersion and lessening ground level pollutants concentration. On the 
contrary, high pressure systems (anticyclones), characterized by week winds and atmospheric stability, 
inhibit the pollutants dispersion, increasing their ground level concentrations (Lin et al., 2009). Moreover, 
temperature plays an important role in their vertical atmospheric dispersion by inducing ascendant convection 
(lessen ground level concentrations). As an example, in Summer, the high temperatures promote the 
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tropospheric ozone production. On the other hand, in Winter, the occurrence of thermal inversions may lead 
to ground-level high pollutants concentrations. The role of precipitation on pollutants dispersion is also 
noticeable, as precipitation is usually associated to an instable atmosphere, promoting air pollutants 
dispersion. Rain droplets solubilize gaseous pollutants and particulate matter, accelerating their deposition 
on surface (wet deposition), decreasing their atmospheric concentrations (Shen et al., 2009). Finally, strong 
solar radiation, associated with high temperatures, promotes photochemical reactions and enhances 
secondary pollutants production, such as ozone. 
As pointed out before, road traffic is one of the main contributors to air pollution in urban areas 
(Anenberg et al., 2017; Lee et al., 2017; Keuken et al., 2016). The exhaust gases emitted close to the surface 
often lead to air quality degradation, once road traffic is characterized by the emission of toxic particles and 
gases (Russo and Soares, 2013). Despite all the efforts that have been made, Lisbon still has an intense 
road traffic and some areas often exceed the legal standards, mainly regarding particulate matter and 
nitrogen dioxide (Ferreira et al, 2015). Other emission source, less addressed in previous studies, is the 
activity of the aviation industry where there are no detailed studies of the impact of Lisbon Airport Humberto 
Delgado (LA) on its surroundings regarding particulate matter concentration, namely UFP, and other 
atmospheric pollutants. Another transport related sector with no air quality impact information due to the lack 
of previous studies is in-land passenger ferries. Transport sector is also expected to be responsible for the 
emission of air pollutants with significant impact on air quality, namely UFP. 
This thesis is focused on UFP concentration over the urban region of Lisbon and its relationship with 
transport-services. In the last decade, several studies have been carried out in order to characterize air 
quality in different European cities, namely trying to distinguish the range of average UFP concentrations in 
those European cities (Hofman et al., 2016; Kumar et al., 2014). Lisbon is a city with 547 733 inhabitants, 
according to the last cense (INE, 2011).  
The appellative climate (temperature warm), together with its location, close to one of the major 
estuaries in Europe and to Atlantic Ocean, rich historical monuments and gastronomy, makes Lisbon one of 
the most attractive European cities. Therefore, the tourist sector is one of its main economic activity. Besides, 
many people travel daily to Lisbon, mostly for working and school/university formation. These conjugated 
factors contribute to an increase in the different transport modes, making transports (road-traffic, aircrafts 
and in-land passenger ferries) the main air pollution source in the city, like in many other cities, as previously 
pointed out by several studies (e.g. Lee et al., 2017; López-Aparicio et al., 2017; Stafoggia et al., 2016). 
Furthermore, the Lisbon Airport is located within the city and there is a considerable number of passenger 
river transports to and from Lisbon, particularly during weekdays. 
During recent years, several studies have been carried out in order to evaluate air quality in Lisbon 
(e.g. FCT-NOVA, 2017; Monjardino et al., 2018; Lopes et al., 2019a,b; Russo et al., 2014a,b). Also, several 
measures have been implemented in areas considered critical (downtown) in order to contribute to air quality 
improvement (Ferreira et al., 2015; Monteiro et al., 2015). However, there is a lack of studies to assess UFP 
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levels, which are mainly emitted by combustion engines. This work intends to fill this gap and is the first work 
on characterization of UFP concentration in Lisbon. It will allow to evaluate not only the UFP concentrations 
but also to estimate the potential level of exposure of the affected population. One of the main contributors 
to air pollution in Lisbon is road traffic (Russo and Soares, 2013), which is characterized by the emission of 
toxic particles and gases. However, considering the location of Lisbon Airport and the amount of ferries 
crossing Tagus River, aircrafts and in-land passenger ferries are also a pertinent emission source, far less 
addressed in those studies. 
Therefore, this study intends to fill the above-mentioned information gaps, assessing the effect on 
UFP concentrations of road, air and river traffic modes in Lisbon. These three sources assume special 
relevance due to their locations (within or close to the city centre, proximity to residential, business, services 
and recreational areas, schools, sport complexes, hospitals and companies, among others) and, therefore, 
the number of people potentially affected, particularly by peak concentrations. Furthermore, given the lack of 
studies in airport-related UFP concentrations in the immediate airport’s vicinity, it also aims to assess the 
airport-related UFP concentrations in the immediate LA vicinity. This study also proposes to assess when 
and how much air traffic in LA affects UFP concentrations taking into consideration the aircraft types 
(short/medium or long-haul) and the associated movement (landing or take-off). A thorough analysis on UFP 
emissions on the vicinity of the LA will improve the ability and capability of alert system for air quality in 
Lisbon. In the case of in-land ferries, according to the literature review, there is an almost total lack of studies 
characterizing UFP concentrations in ferries stations and across ferries path. In Lisbon, there are no previous 
studies on this subject which assumes special relevance, once it is a significant transport mode used to 
connect Tagus shores. 
Finally, the thesis will use the collection of data to provide further relevant insights on monitoring 
strategies of UFP and a better understanding of the relationships between UFP and other pollutants, including 
the decisive role of meteorological parameters during data collection and further interpretation. 
1.2 RESEARCH QUESTIONS AND OBJECTIVES 
The main objective of this thesis is to set up a monitoring scheme and evaluate different modes of 
traffic related UFP concentrations in Lisbon. For that purpose, the present work aims to access the 
contribution of UFP emissions of three main sources (road-traffic, aircrafts and in-land passenger ferries) to 
their atmospheric concentration. In this context, the research questions are: 
RQ1. Regarding vehicles, aircrafts and ferries traffic, what are the UFP levels in Lisbon in the 
proximity of these sources? 
RQ2. How can we design appropriate monitoring techniques to evaluate UFP levels at roadside, 
airport landing and take-off pathways, and close to ferries stations? 
RQ3. How do meteorological conditions affect UFP monitoring? 
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RQ4. Is it possible to establish and quantify relationships between UFP levels and traffic intensity 
(vehicles, aircrafts and ferries)?  
RQ5. Regarding road traffic, are there any correlations between UFP concentrations and other 
pollutants monitored by air quality monitoring stations in the vicinity? 
 
To achieve the thesis objectives and answer these research questions, the following particular tasks 
have been accomplished: 
- Collecting UFP concentrations in order to cover the different traffic sources considered and 
their influence; 
- Compiling information on the traffic intensity associated with the different sources under 
research such as the number and type of vehicles, number of flights and aircraft type and 
movements, and number of in-land passenger ferries during sampling periods; 
- Monitoring/Recording meteorological conditions during sampling periods. 
1.3 STRUCTURE OF THE THESIS 
This thesis is divided in five chapters as following: 
• Chapter 1 – Introduction, where the aim and contextualization of the present work is defined as well 
as the research questions. 
• Chapter 2 – Literature Review, is divided into sub-chapters according to the different contexts: air 
pollution in urban areas, the main air pollution sources in urban areas, guidelines and monitoring of 
air quality focused on particulate matter, UFP impacts on health and climate and influence of 
meteorology on air quality. 
• Chapter 3 – Background and Methodology, begins by contextualization of our case study, Lisbon 
and describes the methodology applied on sampling and data analysis for each one of the three 
sources considered. 
• Chapter 4 – Results and Discussion, as its title suggests, presents the obtained results and their 
discussion, also by source. 
• Finally, Chapter 5 – Conclusions, presents the main achieved conclusions, both by source and 
global. The main limitations and suggestions for future works are also indicated. 
Figure 1.1 presents the schematic structure of this document. The work developed in this dissertation 
resulted in one conference paper and presentation and two peer reviewed publications: 
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Figure 1.1: Schematic representation of the structure of the thesis. 
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2 LITERATURE REVIEW 
2.1 AIR QUALITY IN URBAN AREAS 
Air quality is usually used to express the degree of pollution of the air we breathe. This pollution is 
caused by a mixture of chemical substances emitted in ambient air or as a result of chemical reactions among 
them or with ambient air constituents (Brimblecombe, 1999) as exemplified in Figure 2.1. Air pollution, mainly 
in great urban areas, had become a major problem over the past decades. Atmospheric pollution is mostly 
associated with traffic and its main primary pollutants: particulate matter, nitrogen oxides, uncombusted 
hydrocarbons and carbon monoxide (Kousoulidou et al., 2008). Many studies identify road traffic related 
emissions as the main contributor to poor air quality in urban areas (Anenberg et al., 2017; Kumar et al., 
2014; Pant and Harrison, 2013; Querol et al., 2008; Stanier et al., 2004a). 
 
Figure 2.1: Diagram representation of air pollutants path in atmosphere, from their emission to their impacts on people 
and environment (https://www.eea.europa.eu/publications/explaining-road-transport-emissions). 
 
Regarding Europe, the last report of European Environmental Agency (EEA) on Air Quality in Europe 
highlights that, in 2016, traffic-related pollutants (PM10, PM2.5, O3, and NO2) exceeded both the EU limit values 
and the World Health Organization (WHO) guidelines (EEA, 2018a). In 2016, 13 % of EU-28 urban population 
resided in areas where the European Union (EU) daily limit value of PM10 was exceeded, 6 % of the EU-28 
urban population was exposed to PM2.5 levels above the EU limit, 12 % of the urban population was exposed 
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to O3 concentrations above the EU target value threshold, and 7 % of urban population resided in areas 
where the annual EU limit value of NO2 was exceeded (EEA, 2018a). According to this report, in 2015, 
approximately 422 000 deaths in Europe were related to PM2.5 (originating from long-term exposure), 
391 000 of which were in the EU-28. The same report points out that, in 2016, 42 % of UE-28 urban 
population was exposed to PM10 levels exceeding the stricter World Health Organization (WHO) air quality 
guidelines (AQG), 74 % of UE-28 urban population was exposed to PM2.5 concentrations exceeding the WHO 
AQG, 98 % of UE-28 urban population was exposed to O3 levels above the WHO AQG, and 7 % of the UE-
28 urban population lived in areas where the NO2 WHO AQG was exceeded (EEA, 2018a). The health effect 
pyramid of air pollution is outlined in Figure 2.2. 
 
 
 
Figure 2.2: Health effects of air pollution regarding the seriousness of the effects and the number of people affected 
(adapted from EEA, 2014). 
 
The WHO had recently estimated around 4.2 million deaths worldwide due to air pollution exposure 
(WHO, 2018). The same source points out that in 2016, 91 % of world population was living in areas where 
WHO air guideline levels were not met. Particulate matter (PM) is one of the major causes of premature 
deaths (Gakidou et al., 2017). According to this study, PM is the sixth cause of death, in a list of 84 risk 
factors, and is pointed as the cause of 4 million deaths in 2016. 
Different emission sources have different contributions on ambient air pollutants concentrations. 
Concentrations not only depend on the amount of pollutant emitted, but also on proximity to source, emission 
conditions (e.g. height and temperature) and other factors (e.g. dispersion conditions and topography). Low 
emission heights, such traffic, are generally associated to higher significant impact on ground concentrations 
than emissions from high stacks (EEA, 2018b). 
Death
Emergency department 
visits, hospital 
admissions
Doctor visits, restricted activity days
Respiratory symptoms, medication use, asthma 
attacks
Lung function and cardiac effects
Se
rio
us
ne
ss
 o
f e
ffe
ct
 
Number of people affected 
29 
Besides road traffic, other air pollution sources pointed by several authors are air traffic (e.g. Stafoggia 
et al., 2016) and maritime transport (e.g. Westerlund et al, 2015). In this last source, López-Aparicio et al. 
(2017) find domestic ferries as the main contributors to emissions among harbour ships. 
 
2.1.1 Road Traffic 
Road traffic is the most important contributor to air pollution in urban areas (Anenberg et al., 2017; 
Keuken et al., 2016; Kumar et al., 2014; Lee et al., 2017; Morawska et al., 2008; Rönkkö et al., 2017). 
Therefore, as referred by Joerger and Pryor (2018), people living, working or spending much time next to 
intense traffic roads are exposed to high traffic-related emissions and have higher risk to respiratory and 
cardiovascular health problems or even premature mortality (Chen et al., 2008; Chen et al., 2017; HEI, 2013; 
Hystad et al., 2015; Lelieveld et al., 2015). Combustion generated particles (from vehicle emissions) range 
from 30 nm to 500 nm (Vu et al. 2015). Several studies have concluded that the elevated particle number 
concentrations decay exponentially with increasing distances from the roadway (e.g. Zhu et al., 2009). 
Nucleation (atmospheric formation of new particles) (Kulmala et al., 2014) also plays an important rule to 
UFP concentrations in urban areas (Brines et al., 2015; Kulmala et al., 2017; Stanier et al., 2004b; Watson 
et al., 2006). 
Particulate matter emitted from gasoline and diesel engines consist mainly on ultrafine particles with 
size ranges of 20 to 60 nm and 20 to 130 nm, respectively (Karjalainen et al., 2014; Morawska et al., 2008;). 
UFP represent only 0.1 to 10% of the total particulate mass, despite might represent more than 90% of the 
total particle number (Giechaskiel et al., 2010). Particle emission depends on the fuel, engine technology 
and aftertreatment devices. Compared to the standard gasoline passenger cars, gasoline direct injection 
technology induces an increase of UFP concentration (Köhler et al., 2013; Liang et al., 2013). 
Research suggests that a significant fraction of a person's total daily exposure to fine and ultrafine 
particles occurs during commuting periods (Ham et al., 2017). Transport microenvironments (MT), close to 
traffic emissions sources, exhibit higher traffic related pollutants concentrations (Goel and Kumar, 2014; 
Patton et al., 2016). In their commuting to work, school and shopping, among other activities, people spend 
a variable, but considerable, amount of time in vehicles (cars, public transportation, motorcycles or bicycles) 
or close to them. Due to recurrent acceleration and deceleration of vehicles, intense-traffic areas are 
susceptible to have higher emissions (Goel and Kumar, 2015). A study carried out by De Nazelle et al. (2012) 
concluded that UFP concentrations in cars are 2-3 times higher than in walk or bike modes, close to 
roadways. Still, considering inhalation, pedestrians and cyclists’ doses are comparable to car drivers. In 
Europe, results show that car riders are exposed to the highest levels of UFP; on the contrary, pedestrians 
are exposed to the lowest levels (De Nazelle et al., 2017). However, in modern cars, equipped with high-
efficiency filters and air recirculation, the UFP exposure levels inside vehicles are significantly lower 
(Spinazzè et al., 2014). Still according to this study, the highest exposures were observed for walking or 
biking along high-trafficked routes and while using public buses.  
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Many air monitoring studies (Hagler et al., 2010; Sardar et al., 2005; Zhu et al., 2002a,b) conducted 
near traffic roads or on-roadways has focused not only on the UFP measurements, but particularly on 
emissions of more conventional and well-studied pollutants such as:  
• Carbon monoxide (CO): the adoption of emission control technologies and regulations allowed 
ambient concentrations of this pollutant to decline over the past years. However, mostly light-duty 
and gasoline vehicles remain as the primary source of CO at most locations.  
• Nitrogen oxides (NOx): diesel vehicles are responsible for the majority of NOx emissions. The majority 
of NOx exhaust occurs as NO (primary emissions). Once in atmosphere, NO is rapidly oxidized to 
NO2 (a secondary pollutant), which is the focus of concern in terms of health effects. Heavy-duty 
diesel engines with after-treatment equipment may contain a greater ratio of NO2/NO.  
• Particulate matter (PM10, PM2.5): significant near-roadway sources of PM mass include direct 
emissions from vehicle combustion engines (predominantly PM2.5), brake and tyre wear, and 
resuspension of dust from the road surface (mostly PM10 and larger). PM2.5 atmospheric 
concentration is mostly affected by contributions from regional sources. Therefore, the impact of 
direct emissions from motor vehicles is generally small in near-roadway environments.  
• Volatile organic compounds (VOC) and carbonyls: these compounds are emitted from both natural 
and anthropogenic sources, including vehicles engines. They are involved in the photochemical 
formation of tropospheric O3. Moreover, some of them have been associated with toxic health effects. 
VOC of concern for near-road monitoring include benzene, toluene, ethylbenzene, xylenes, styrene, 
formaldehyde, acetaldehyde, and acrolein.  
• Black or elemental, carbon (BC or EC): often referred to as “soot,” is a common constituent emitted 
by vehicles engines. BC represent the black (graphitic) portion of PM. Though heavy-duty diesel 
engines are often pointed as the main sources of BC, all combustion engines emit BC. A study 
conducted by Liggio et al. (2012) has shown that BC emissions from light-duty gasoline vehicles are 
expected to be at least a factor of 2 to 9 times higher than formerly supposed. In urban areas, the 
main source of BC is diesel trucks engine which rules near-roadway environments.  
 
Aiming to minimize traffic-related air pollution in urban areas, some plans and/or particular measures 
have been taken to reduce air pollutant concentrations to acceptable levels, meeting the EU limit values and 
WHO guidelines. The implementation of Low Emission Zones (LEZ), areas where the circulation of most 
polluting vehicles is restricted or penalized on the basis of European class emission standards, are often 
used as the major component of emission control strategies. London, UK, introduced the world's largest 
citywide LEZ in 2008 (Mudway et al., 2019). Currently, there are about 264 LEZ across Europe (Santos et 
al., 2019). Also, in Asia, including Singapore and Tokyo, LEZ are being implemented (Mudway et al., 2019). 
Restrictions in vehicles circulation range from only heavy duty to all type of vehicles according to their Euro 
Standard (Table 2.1). 
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Table 2.1: Implementation of Euro Standards by vehicle’s category. 
Vehicle Category 
Euro Standard 
Euro 1 Euro 2 Euro 3 Euro 4 Euro 5 Euro 6 
Passenger Cars 
July 
1992 
January 
1996 
January 
2000 
January 
2005 
September 
2009 
September 
2014 
Light 
Duty 
(≤ 1305 kg) October 
1994 
January 
1998 
January 
2000 
January 
2005 
September 
2010 
September 
2014 
(> 1305 kg) 
October 
1994 
January 
1998 
January 
2001 
January 
2006 
September 
2010 
September 
2015 
Heavy Duty and  
Heavy Passenger 
January 
1993 
October 
1995 
October 
1999 
October 
2005 
October 
2008 
January 
2013 
Motorcycle 
July 
2000 
July 
2005 
July 
2007 
--- --- --- 
 
2.1.2 Airports 
The past 20 years have seen European airports evolve from mere infrastructure providers into 
businesses, directly contributing to the employment of people and also to the nearest cities’ development 
(ACI, 2018). During the past decades, air traffic registered a significant global increase, which is expected to 
continue over the coming decades. Data from the International Airports Council shows that, in Europe, 
between 1990 and 2014, there was an 80% increase in the number of flights, and it is estimated that this 
figure will increase by about 50% over the next 20 years. Furthermore, an increase in aircraft age and 
travelled distance is also expected (ACI, 2016). These factors together contribute significantly to the 
worsening of the impacts associated with air traffic, namely local air quality, noise levels and greenhouse gas 
emissions. Air quality is particularly affected by the large quantities of particulate matter emitted by airplanes, 
with consequent implications on air quality, as some studies have showed (e.g. Mazaheri et al., 2009). PM 
is one of the most harmful pollutants to human health (ACI, 2016; EEA, 2016) leading to health impacts on 
populations, living close to airports, and workers (Cattani et al., 2014). Several studies identify airports as a 
significant source of several pollutants, such as: fine particles (PM2.5) and ultrafine particles, nitrogen dioxide 
and volatile organic compounds. They also reveal significant increases in UFP concentrations in the vicinity 
of several airports (Hudda et al., 2014; Hsu et al., 2013; Hsu et al., 2014; Keuken et al., 2015; Stafoggia et 
al., 2016; Westerdahl et al., 2008; Zhu et al., 2011) and  elevated PNC were observed in areas under the 
influence of winds from the airport (Fuller et al., 2012; Hudda et al., 2016; Patton et al., 21014a,b).Although 
clinical studies related to UFP exposure are still not enough for unequivocal conclusions, UFP are suspected 
to be even more harmful to human health than coarse and fine particles. In this context, together with airport 
locations close to urban and suburban areas, special attention should be devoted to human health in those 
areas. Some of these studies were conducted close to the main European airports, namely trying to 
distinguish the range of average UFP concentrations in those European cities (Hofman et al., 2016; Kumar 
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et al., 2014). Table 2.2 summarizes the number of particles by cubic centimetre (pt.cm-3), referred as particle 
number concentration (PNC) for several European cities. 
Table 2.2: Average dimension (nm) and concentration (pt.cm-3) of atmospheric particles in European cities (adapted 
from Hofman et al. (2016) and Kumar et al.). 
City 
Dimension 
[nm] 
PNC 
[pt.cm-3] 
 
City 
Dimension 
[nm] 
PNC 
[pt.cm-3] 
Amsterdam (NL) 7 – 3 000 31 000  Helsinki (FI) 7 – 3 000 14 000 
Amsterdam (NL) 7 – 100 759  Helsinki (FI) 10 – 10 000 19 576 
Antwerp (BE) 7 – 100 1 063  Lahti (FI) 6 – 300 39 000 
Antwerp (BE) 20 – 500 12 367  Leicester (UK) 7 – 100 1 112 
Athens (EL) 7 – 3 000 24 000  Leicester (UK) 5 – 1 000 64 200 
Barcelona (ES) 10+ 59 270  Leipzig (DE) 3 – 800 17 119 
Berlin (DE) 10 – 500 28 000  Linz (AT) 7+ 23 400 
Berna (CH) 7 – 1 000 28 032  London (UK) 7 – 100 776 
Berne (CH) 10+ 30 839  London (UK) 19 – 800 22 941 
Birmingham (UK) 7 – 3 000 20 000  Manchester (UK) 4 – 100 27 000 
Cambridge (UK) 10 – 2 500 30 200  Prague (CZ) 25 – 25 000 11 600 
Copenhagen (DK) 6 – 700 19 224  Prague (CZ) 25 – 2 500 35 900 
Dresden (DE) 3 – 800 36 685  Rome (IT) 10+ 46 799 
Essen (DE) 20 – 750 16 789  Salzburg (AT) 13 – 830 30 000 
Strasbourg (FR) 7 – 10 000 39 000  Utrecht (NL) 10+ 38 635 
Graz (AT) 7+ 22 500  Vienna (AT) 7+ 26 200 
Helsinki (FI) 3 – 10 000 67 000  Zurich (CH) 3+ 80 000 
 
Another gap on assessing air quality on airports is that, in the aviation sector, total emissions are 
given by the sum of the emissions occurred at distinct phases: taxi out and ground idle, take-off, climb, cruise, 
descent, final approach, landing and taxi in and ground idle. The landing and take-off cycle, short listed by 
LTO, includes all activities near the airport, which occur at a height of less than 914 m (ICAO, 2011). Relevant 
direct air quality impacts, at local and regional levels, result from emissions during LTO cycles. Above this 
altitude aircraft engine emissions also have an impact on air quality, but they are of a global nature. Table 
2.3 resumes the different phases of the LTO cycle (ICAO, 2011). 
Moreover, the landing and take-off cycle (LTO) includes all activities near the airport, which occur 
bellow 914 m. Relevant direct air quality impacts, at local and regional levels, result from emissions during 
LTO cycles. Above this altitude, aircraft engine emissions also have an impact on air quality, but they have 
a distinct nature and spatial scale of influence. Besides the evident LTO activities, there are others, such as, 
passenger and luggage transport, aircrafts maintenance and fuel supply, auxiliarly power operations and 
engines start up, also responsible for UFP emissions.  
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Table 2.3: LTO cycle phases defined by ICAO (ICAO, 2011). 
Operating Phase Time-in mode 
(min) 
Thrust setting 
(%) 
Approach (bellow 915 m) 
Landing, taxi and ground idle 
Taxi and ground idle to take-off 
Take-off (ground - 450 m) 
Climbing (450 – 915 m) 
4 
7 
19 
0.7 
2.2 
30 
7 
7 
100 
85 
 
2.1.3 Maritime Traffic 
Air pollution associated to maritime transportation (MT) has been widely studied and it is recognized 
for the emission of air pollutants, namely UFP. Therefore, it is expected that passenger ferries are also 
responsible for UFP emissions. Maritime transportation is widely used for passenger carriage, for touristic 
purposes and for international or intercontinental transport of goods. According to the United Nations 
Conference on Trade and Development, more than 80% of world trade is carried by sea (UNCTAD, 2018). 
During the past decades MT registered a significant global increase which is expected to continue over the 
coming decades (Marmer et al., 2005; US-EPA, 2009), leading to the increase of research on its 
environmental impacts (e.g. López-Aparicio et al., 2017; Becerril-Valle et al., 2017; Viana et al., 2014; 
Westerlund et al, 2015; Zimmerman et al., 2016). Shipping emerged as an important source of air pollution 
in coastal areas (Van der Zee et al., 2012; Westerlund et al, 2015) mainly associated with the large quantities 
of particulate matter (PM) emitted and the consequent implications on air quality and human health. Fu et al. 
(2013) found that large amounts of UFP smaller than 10 nm appear for manoeuvring mode, affecting regional 
air quality. 
Recent results indicated that 30 to 40% of the particulate matter from shipping is emitted as a primary 
source and 60 to 70% as secondary (Viana et al., 2014). Shipping PM consists mainly on fine to ultrafine 
fraction (e.g. elementary or black carbon (BC), nickel (Ni), vanadium (V), etc.) or results from chemical 
reactions between exhaust gases and particles in the atmosphere (Reche et al., 2011). Besides PM, shipping 
also emits gaseous pollutants, such as nitrogen oxides (NOx), sulphur dioxide (SO2) and smaller amounts of 
carbon monoxide (CO) and volatile organic compounds (VOCs) (Zhang et al., 2016). Maritime traffic is also 
a relevant source of greenhouse gases (GHG), namely carbon dioxide (CO2) and small amounts of nitrous 
oxide (N2O) and methane (CH4) (López-Aparicio et al., 2017). Beyond health consequences, PM emissions 
are climate forcing agents (Becerril-Valle et al., 2017; Fiore et al., 2012; Liggio et al., 2012; Zimmerman et 
al., 2016). They affect mainly the radiative balance and cloud formation, since they act as water condensation 
nuclei (Booth and Bellouin, 2015; Hodnebrog et al., 2014). Ice and clouds albedo are also affected, although 
the uncertainty of the global effect is still high. 
Maritime traffic’s impacts should also be evaluated in the context of harbour locations (e.g. close to 
urban and suburban areas), as air quality in the surroundings is particularly affected with consequences to 
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human health for populations living in coastal urban areas (Viana et al., 2014). It is estimated that 70% of 
ship’s emissions occur close to the coast, within 400 km from land (Endresen et al, 2003) and disperse 
directly onto mainland, which worsens the environmental impacts associated with maritime traffic (e.g. local 
air quality) affecting both human health and ecosystems (Lonati et al., 2010; Miola and Ciuffo, 2011). 
Research suggests that, in certain cases, ships in harbour may contribute to about 55 to 77% of total 
emissions within their vicinity (Cullinane and Cullinane, 2013; Hulskotte and Gon, 2010;). Regarding 
European coastal areas, shipping emissions contribute to 1.7% of PM10 air concentrations, 1.14% of PM2.5 
concentrations and at least 11% of PM1 (aerodynamic diameter less than 1 µm) concentrations (Viana et al, 
2014). In the western Mediterranean region, the Barcelona’s harbour contributes to 31% of PM10 average 
mass (Pey et al., 2013). A more recent study carried out by Pérez et al. (2016) suggests that in the harbour, 
ship emissions are responsible for 9-12% of PM10 and 11-15% of PM2.5 concentrations in the Barcelona 
urban area. Other studies identified lower values for PM2.5, namely in the harbour industrial area of Brindisi 
(Italy) where the primary in-harbour shipping emissions of PM2.5 are approximately 3% while the average 
ship traffic related is reported to be ~7% (Cesari et al., 2014; Donateo et al., 2014). More recently, a study 
focused in Oslo’s harbour estimates oceangoing vessels as the main emission source of air pollution, 
contributing 63 to 78% of the total NOx, PM10, SO2 and CO2e emissions (López-Aparicio et al., 2017). The 
authors highlight international ferries, cruises and container vessels as the main contributors among 
oceangoing vessels. Ledoux et al. (2018) estimated the impact of shipping in Calais harbour on average 
concentrations to be 51% for SO2, 35% for NO, 15% for NO2 and 2% for PM10. According to the same study, 
the in-port ships average impact on PM10 concentrations are estimated to be +28.9 µg.m-3, from which 40% 
are PM1. The authors also found that, under certain circumstances, punctually PM10 concentration can reach 
a concentration value close to 100 µg.m-3. Furthermore, the daily limit value established in the European 
Directive 2008/50/EC of 21 May 2018 (EU, 2008) - 50 µg.m-3 - was exceeded for several days. 
On a wider-range, Alver et al. (2018) summarized the results of several studies concerning ship-
related emissions inventories for different worldwide countries. Considering PM10 emissions in European 
countries, the authors accounted emissions ranging from 10 to 1500 t/year. This report also highlights 
Portugal’s emissions as the highest, quoting a study conducted on four Portuguese harbours (Nunes et al., 
2017). 
PM in its different typologies (PM10, PM2.5 and PM1) is one of the most harmful pollutants to human 
health (ACI, 2016; EEA, 2016), leading to health impacts on populations exposed to them such as people 
living close to harbours or in coastal urban areas, or shipyard workers (Kukkonen et al., 2016; Ledoux et al., 
2018; López-Aparicio et al., 2017; Westerlund et al, 2015). Healy et al. (2009) concluded the vast majority of 
freshly emitted ship exhaust particles lie in the ultrafine mode, communally designated by UFP (particles, 
with an aerodynamic diameter less than 0.1 µm). Apart from the above mentioned and more common 
reference to PM10, PM2.5 and PM1 emissions from ships, UFP have been also addressed in studies related 
to shipping emissions (e.g. González and Rodríguez, 2013; Kopanakis et al., 2018; Kukkonen et al., 2016; 
Merico et al., 2017). Regarding heavy fuel oil used by ships, emission factors for particle number were found 
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in the range 5 x 1015 to 1 x 1017 pt.kg-1fuel (Moldanová et al., 2013). Westerlund et al. (2015) found out emission 
factors of 2.79 ± 0.19 vs. 2.35 ± 0.20 x 1016 pt.kg-1fuel for cargo and passenger ships, respectively. The 
influence of shipping and harbours was found to be relevant for Helsinki, Oslo, Rotterdam and Athens 
(Kukkonen et al., 2016). Two studies carried out in Santa Cruz de Tenerife City found UFP linked to ship 
emissions of 15-45 x 103 pt.cm-3 (González and Rodríguez, 2013) and 35-50 x 103 pt.cm-3 when 
meteorological conditions allowed ship plumes inland transport by sea breezes (González et al., 2011). 
Another study, concerning Brindisi and Venice (Italy), Patras (Greece) and Rijeca (Croatia), concluded that 
shipping and harbours contributions to UFP emissions have an impact 2 to 4 times larger than PM1-10 (Merico 
et al., 2017). In Crete, Kopanakis et al., (2018) found high UFP concentrations related to aviation and shipping 
emissions transported from the nearby airport and harbour.  
Furthermore, within urban areas, the main source of UFP is the direct emission from combustion 
processes; the new particle formation (NPF) is a main provider to particulate pollution, being a secondary 
source of UFP (Lyu et al., 2018). NPF occurs by nucleation of gas precursors and posterior growth by 
condensation on the formed particles is a common atmospheric process, being recurrently referred by 
several studies as an important process in maritime areas (Hama et al. 2017a; Hofman et al., 2016; 
Pushpawela et al., 2018). NFP events are common in coastal areas once the combined mixing of clean 
marine air and UFP enriches urban air and leads to appropriate conditions for particle formation (Babu et al., 
2016). Therefore, UFP concentration can significantly be increased in coastal urban areas (Liu et al., 2008; 
Rodríguez et al., 2018). Additionally, NPF events have been studied regarding to meteorological variables 
(temperature, relative humidity, solar radiation, wind speed and direction) to identify the conditions that 
improve particle nucleation. Although the impact of temperature is still ambiguous, several authors point that 
NPF is enabled by higher solar radiation (Lyu et al., 2018), moderate relative humidity (Hama et al., 2017b; 
Huang et al., 2017) and, considering coastal areas, it is likely to take place during sea breeze (Babu et al., 
2016; Mordas et al., 2016). 
Although there are many studies evaluating the effects on shipping-related course and fine PM 
concentrations, and fewer regarding the effects on ship-related UFP concentrations, there is a lack of studies 
on passenger in-land ship transport-related UFP emissions, namely in estuaries in the vicinity of European 
capitals, specifically in the Mediterranean. López-Aparicio et al. (2017) identify domestic ferries as the main 
contributors to emissions among harbour vessels. Merico et al. (2016) highlight that UFP represent an 
important fraction of low-sulphur fuel emissions and the need for future policies to take this factor into 
account. 
2.2 AIR QUALITY GUIDELINES 
Despite all the efforts made to improve air quality in EU, the air quality standards established in Air 
Quality Directive (EU, 2008) for PM, O3 and NO2 are still not being accomplished in large parts of EU (EEA, 
2018b). According to the same report, these widespread exceedances of PM, O3 and NO2 in urban areas, 
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make the air quality standards goals for 2020 unlikely to be achieved. Furthermore, WHO guidelines are 
much further away from being achieved. European air quality standards (EU, 2008) and WHO air quality 
guidelines (WHO, 2006) are presented in Table 2.4. The corresponding National Ambient Air Quality 
Standards (NAAQS) established by the United States Environmental Protection Agency (USEPA) are 
presented in Table 2.5. Primary Standards stipulate pollutant concentrations for public health protection, 
taking in account the denominated “sensitive” populations (children, elderly and asthmatics). Secondary 
Standards provide public wellbeing protection (visibility, animals, crops, vegetation, and buildings) (from 
https://www.epa.gov/criteria-air-pollutants/naaqs-table). USEPA has set NAAQS for six pollutants: the five 
presented in Table 2.5 plus lead. 
 
Table 2.4: Air quality standards under the EU Air Quality Directive and WHO air quality guidelines (adapted from EEA, 
2018b). 
Air Quality Directive WHO Guidelines 
Pollutant Averaging Period Objective Comments Objective Comments 
PM2.5 
One day   25 µg.m-3 99
th percentile (3 
days/year) 
Calendar year Limit value: 25 µg.m-3  10 µg.m-3  
PM10 
One day Limit value: 50 µg.m-3 Not to be exceeded on more than 35 days per year 50 µg.m
-3 99
th percentile (3 
days/year) 
Calendar year Limit value: 40 µg.m-3  20 µg.m-3  
O3 Maximum daily 8-hour mean Target value: 120 µg.m
-3 
Not to be exceeded on 
more than 25 days per 
year, averaged over three 
days 
100 µg.m-3 
 
NO2 
One hour Limit value: 200 µg.m-3 Not to be exceeded on more than 18 days per year 200 µg.m
-3  
Calendar year Limit value: 40 µg.m-3  40 µg.m-3  
CO 
One hour   30 µg.m-3  
Maximum daily 8 
hour mean 
Limit value: 10 mg.m-3  10 mg.m-3  
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Table 2.5: National ambient air quality standards established by USEPA (adapted from https://www.epa.gov/criteria-air-
pollutants/naaqs-table). 
Pollutant Standard Type Averaging Period Level Form 
CO Primary 
1 hour 35 ppm 
Not to be exceed more than once per year 
8 hours 9 ppm 
PM2.5 
Primary 1 year 12 µg.m-3 
Annual mean, averaged over 3 years 
Secondary 1 year 12 µg.m-3 
Primary and secondary 24 hours 35 µg.m-3 98th percentile, averaged over 3 years 
PM10 Primary and secondary 24 hours 150 µg.m-3 Not to be exceed more than once per year on average over 3 years 
O3 Primary and secondary 8 h 0.070 ppm Annual fourth-highest daily maximum 8-hour concentration, averaged over 3 years 
NO2 
Primary 1 hour 100 ppb 98
th percentile of 1-hour daily maximum 
concentrations, averaged over 3 days 
Primary and secondary 1 year 53 ppb Annual mean 
 
Air pollutant concentrations can be expressed in mass of pollutant by air volume units, usually in    
µg.m-3, or volume by volume units, ppm (10-6) or ppb (10-9). Once the volume depends on temperature and 
pressure, the conversion between these units (Eq. 1) must take in account those parameters (Eq. 2): 𝑀𝐶 = 𝑉𝐶𝑥 '(   [1]  and 𝑉 = 22.41𝑥10./𝑥 012/ 𝑥 343/5   [2] 
Where: 
MC – mass concentration [µg.m-3]   V – molecular volume [m3] 
VC – volume concentration [ppm]   T – absolute temperature [K] 
M – molecular mass     p – atmospheric pressure [hPa] 
 
Most of the air pollutants have anthropogenic sources and derive from combustion processes of fossil 
or biomass fuels used in several sectors: industry, transport, agriculture and domestic, among others (EEA, 
2018a). In urban areas, where over 70 % of European population lives (Eurostat, 2016), many researchers 
point out road traffic as air pollutants main source (e.g. Anenberg et al., 2017; Lee et al., 2017). It is estimated 
that more than 400 000 premature deaths per year in the EU are related to air pollution (EEA, 2018b). Figure 
2.3 presents the percentage of urban population exposed to air pollutant concentration above EU Air Quality 
Directive (top) and WHO Air Quality Guidelines (WHO AQG), more stringent (bottom). One eighth of EU 
citizens living in urban areas are exposed to higher of one or more air pollutants concentrations established 
by EU standards. Moreover, considering WHO guidelines, up to 96 % of EU urban citizens are exposed to 
air pollutant levels of one or more air pollutants considered harmful to health (EEA, 2018c). 
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As it can be seen in Figure 2.3, between 2006 and 2016, EU’s urban population exposure to fine 
particulate matter levels above EU limit value decreased from 16 to 5 %. Considering WHO guidelines, the 
decrease was from 97 to 74 %, although exposure level was much higher. Since 2011, both percentages 
have a decreasing trend and reached the lowest value in 2016. Regarding coarse PM, between 2000 and 
2016, exposure to levels above EU standards also decreased from 32 to 13 %. The highest value, 43 %, was 
recorded in 2003. Comparison with WHO stricter values, it was recorded a decrease from 84 to 42 % and 
the highest value, 91 %, was also observed in 2003. 
Regarding ozone, the current target value was often exceeded. In the considered period, 8 % (2014) 
to 55 % (2003) of the EU urban population was exposed to concentrations exceeding the target value. Once 
again, considering the stricter WHO guidelines, 94 to 99 % of EU urban population was exposed to levels 
higher than recommended and there is no apparent change over time. 
Finally, concerning nitrogen dioxide, the percentage of EU urban population exposed to levels above 
both the EU limit and WHO guideline values, progressively decreased to values lower than 10 %, over the 
same period. Once again, the highest value was recorded in 2003 (32 %) and the lowest, 7 %, in 2014 and 
2016. 
 
Figure 2.3: EU urban population exposed to air pollutant concentrations above air quality standards of the EU Air Quality 
Directive (top) and WHO air quality guidelines (bottom). (Adapted from EEA, 2018a). 
 
Air Quality in Europe EEA report (EEA, 2018a) highlights that the PM10 daily limit value was exceeded 
in 19 % of the reported air quality monitoring stations in 19 countries of EU-28 and eight other reporting 
countries (Figure 2.4). Many of these exceedances were reported during high PM10 pollution events in 
0
20
40
60
80
100
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
20
11
20
12
20
13
20
14
20
15
20
16
Ex
po
ed
 p
op
ul
at
io
n 
 [%
]
Year
PM2.5 PM10
O3 NO2
0
20
40
60
80
100
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
20
11
20
12
20
13
20
14
20
15
20
16
Ex
po
ed
 p
op
ul
at
io
n 
 [%
]
Year
39 
winter, spring and autumn, 2016. PM10 concentrations above the annual limit value were reported in 6 % of 
all monitoring air stations (Figure 2.5). PM2.5 concentration higher than the annual limit value were also 
registered in 5 % of reporting stations in four EU-28 and another four reporting countries (Figure 2.6). 
Regarding the long-term WHO air quality guideline for PM10, there were reported exceedances at 48 % of 
the stations of all reporting countries except for four (Estonia, Iceland, Ireland and Switzerland). Also, the 
long-term WHO air quality guideline for PM2.5 was exceeded at 68 % of the reporting countries except for 
Estonia, Finland, Hungary, Norway and Switzerland. In this context, the report stresses that, in 2016, 13 % 
of EU-28 urban population was exposed to PM10 concentrations above the daily limit value; considering the 
stricter WHO guidelines, this value rises to 42 %. Regarding PM2.5, exposed EU-28 urban population to levels 
above EU limit value was 6 % and 74 % for WHO guidelines. UFP ambient concentrations are not yet targeted 
both in EU legislation and WHO guidelines. 
 
Figure 2.4: Daily PM10 concentrations in Europe, in 2016. The map shows the 90.4 percentile of the PM10 daily mean 
concentrations, representing the 36th highest value in a complete series. It is related to the PM10 daily limit value, allowing 
35 exceedances of the 50 µg.m-3 threshold over 1 year. Red and purple dots indicate stations where concentrations were 
higher than the daily limit value (50 µg.m-3). (EEA, 2018a). 
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Figure 2.5: Annual PM10 concentrations in Europe, in 2016. Red and purple dots indicate stations where concentrations 
were higher than the daily limit value (40 µg.m-3). Green dots indicate stations reporting values below the WHO AQG for 
PM10 (20 µg.m-3). Only stations with more than 75 % of valid data have been included in the map (EEA, 2018a). 
 
 
Figure 2.6: Annual PM2.5 concentrations in Europe, in 2016. Red and purple dots indicate stations where concentrations 
were higher than the daily limit value (25 µg.m-3). Green dots indicate stations reporting values below the WHO AQG for 
PM2.5 (10 µg.m-3). Only stations with more than 75 % of valid data have been included in the map (EEA, 2018a). 
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2.3 AIR QUALITY MONITORING 
Air quality monitoring is assured by an Air Quality Monitoring Network (AQMN) composed by Air 
Quality Monitoring Stations (AQMS). European AQMNT provides near on-time air quality information over 
Europe as it can be seen in Figure 2.7 (http://airindex.eea.europa.eu/).These stations are mostly concentred 
in urban and sub-urban areas, where most of the people live.  
 
Figure 2.7: European AQMN showing air quality index in Europe on the 24th April 2019 at 11:00 UTC 
(http://airindex.eea.europa.eu/). 
 
PM10 is monitored in all AQMS and PM2.5 is monitored by the majority of AQMS, in mass concentration. 
The evaluation is accomplished by gravimetric collection of atmospheric particles on polytetrafluoroethylene 
(PTFE) filter over the specified sampling period (e.g. 24 h, according to Directive 2008/50/CE). The air flow 
rate is specified (e.g. European Standards EN 12341:1998 and EN 14907:2005 for PM10 and PM2.5, 
respectively). The filters are weighted before and after the sampling period (after a proper moisture and 
temperature conditioning). PM is determined by the quotient of mass balance and the total volume of sampled 
air, in micrograms per cubic meter of air (µg.m-3). 
When rural and remote areas are left without air quality information, satellite measurements may 
mitigate this lack of information over these areas. In the last ten years, there were conducted a significant 
number of studies using satellite measurements of Aerosol Optical Depth (AOD) to predict ground-level PM 
concentrations over places or periods without air quality measurements (Di et al., 2016; De Hoogh et al., 
2018; Lee et al., 2016; Stafoggia et al., 2016). AOD quantifies the amount of light absorbed or scattered by 
 42 
suspended particles, often designated by aerosols. Therefore, although representing a relevant parameter 
to predict PM variability, it is not an accurate one, once it is an atmospheric column estimative and PM 
concentrations are measured at ground level. Restrictions such cloud coverage, snow or water glint 
contamination, satellite calibration manoeuvres or lost data transmission are often responsible for missing 
AOD data. Researchers developed techniques to fill the gaps in PM predictions such as kriging, 
spatiotemporal interpolation or geographic weighted regression. (Zhu et al., 2017). However, satellite AOD 
measurements are useful as a first indicator of PM concentrations at ground level (Chu et al., 2003; Engel-
Cox et al., 2004; Gupta et al., 2006; Wang and Christopher, 2003; Zhang et al., 2009) and, for areas without 
air quality network coverage, satellite measurements may be the only way to estimate PM concentrations. 
Better PM concentrations predictions may be achieved by merging satellite AOD measurements with 
meteorological parameters (Gupta and Christopher, 2009) and land-use type (Hoek et al., 2008), known to 
be strongly correlated with surface air quality, such as meteorology. Moreover, regarding meteorological 
parameters, temperature and humidity are the two strongest meteorological predictors of PM2.5 in the eastern 
United States (Zhang et al., 2017). A recent study developed a high-fidelity PM2.5 ground level concentration 
prediction, by combining ground monitoring, satellite data and chemical transport, with high special resolution 
(1 x 1 km2), temporal resolution (daily) and spatial coverage (larger than 2 000 000 km2) (Goldberg et al., 
2019). 
Lastly, concerning ambient air monitoring of UFP, the main pollutant object of this work, it is performed 
using two different equipment – a Condensation Particle Counter (CPC) and a Scanning Mobility Particle 
Sizer:  
• Condensation Particle Counter (CPC): it counts, in real time, the total number concentration of 
particles above a lower size limit (3 to 20 nm, depending on manufacturer and model). Condensation 
in a controlled super-saturated environment is used to grow UFP to larger sizes. These larger 
particles are then measured, by counting, by means of a photodetector. Condensing liquids are 
usually alcohol or water. These particle counters are the most commonly used instruments in most 
applications. Yet, they do not provide any information on the original size of the particles counted. 
This type of equipment was used in many studies, including the present work (e.g. Hudda et al., 
2014; Hsu et al., 2012; Lopes et al., 2019a,b; Ren et al, 2016, Riley et al., 2016; Stafoggia et al, 
2016). 
• Scanning Mobility Particle Sizer (SMPS): it consists of a combination of a particle counter and 
electrostatic classifier. The electrostatic classifier separates airborne particles according to their size, 
allowing to characterize the particle size distribution of UFP. Typically, for particles as small as 10 
nm, these devices provide size distribution data in almost real-time. SMPS was used in several 
studies (e.g. Buonanno et al., 2015; Keuken et al., 2015; Masiol et al., 2016; Shirmohammadi et al., 
2017; Zhu et al., 2011). 
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2.4 CLASSIFICATION, FORMATION AND COMPOSITION OF PARTICULATE MATTER 
Figure 2.8 illustrates the details of particulate matter classification (PM) according to its aerodynamic 
diameter in: 
- PM10 – inhalable particles with d ≤ 10 µm 
- PM2.5-10 – coarse particles with 2.5 µm ≤ d ≤ 10 µm 
- PM2.5 – fine inhalable particles with d ≤ 2.5 µm 
- UFP or PM0.1 – ultrafine particles with d ≤ 0.1 µm. 
 
Figure 2.8: Classification of particulate matter (PM10, PM2.5 and PM0.1 or UFP) and its common sources (Mühlfeld et 
al., 2008).  
 
Figure 2.9 presents the relative particles dimensions compared to a human hair which measures about 
70 µm. PM10 are seven times smaller than the human air, PM2.5 are about 30 times smaller and UFP are 700 
times smaller. 
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Figure 2.9: Schematic representation of PM according to its size (https://www.epa.gov/pm-pollution/particulate-matter-
pm-basics). 
 
Back in the late 1990s, Kittelson (1998) conducted a pioneering research on identifying three size 
categories for particles found in diesel engine emissions:  
1) coarse mode (1 μm < d ≤ 10 μm),  
2) accumulation mode (~ 0.05 μm < d ≤ 1 μm), and  
3) nuclei mode (d ≤ 0.05 μm).  
As shown in Figure 2.10, UFP, particularly in nuclei mode govern the total number concentration (blue 
line). Currently, the definition of fine particles according to their range size is (Argylopoulos et al., 2016):  
• Nucleation mode (< 20 nm) - nucleated particles that have grown by condensation of gaseous 
precursors. They are mainly composed by sulphate particles and semi-volatile organic compounds.  
• Aitken mode (20 to 100 nm) - also essentially composed by sulphate particles and semi-volatile 
organic compounds.  
• Accumulation mode (100 to 1000 nm) - mostly includes soot and non-volatile organic compounds 
resulting from the combustion process. Sulphate particles and semi-volatile organic compounds may 
also be present. This mode is predominantly associated with exhausting gases of diesel engines.  
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Figure 2.10: Typical engine exhaust size distribution in mass, surface and number weightings (adapted from Kittelson, 
1998). 
 
Particulate matter smaller than 1 µm appears to dominate the total PM emissions from combustion 
processes. Particularly, a large majority of particles emitted from urban area sources are smaller than 50 nm 
(Saha et al., 2019), which might have greater health effects than background particles. 
Yet, as mentioned in previous sub-chapter, particles smaller than 2.5 µm are not monitored and there 
are still no guidelines for its ambient concentrations. 
PM emitted by vehicle engines can be divided into two categories, regarding the location of their 
formation:  
• Primary combustion particles: formed in the engine or tailpipe. These particles are mostly sub-
micrometre agglomerates of solid carbonaceous material ranging from 30 to 500 nm. They may also 
contain metallic ash (from lubricating oil additives and engine wear), adsorbed or condensed 
hydrocarbons, and sulphur compounds (Morawska et al., 2008).  
• Near-tailpipe UFP: the hot exhausting gases expelled from the tailpipe quickly cool and condense 
on existing particles or nucleate, forming large numbers of very small new particles. They are mainly 
composed by hydrocarbons and hydrated sulfuric acid, and generally 30 nm or less in diameter. 
These are the most commonly observed UFP near busy freeways, particularly those where a large 
fraction of heavy-duty diesel vehicles is present (Keskinen and Rönkkö, 2010; Ntziachristos et al., 
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2007; Westerdahl et al., 2005). The formation of these particles is very fast, and they are distinct 
from UFP derivative from photochemical nucleation processes which occur in atmosphere, further 
away from the source (Stanier et al., 2004b).  
Once released into the atmosphere, UFP are diluted with ambient air and undergo to chemical 
reactions and physical processes, namely evaporation, condensation, and coagulation (Putaud et al., 2010). 
Thus, particles measured away from sources (e.g. roadways) have generally different characteristics than 
those measured close to the sources, immediately after their formation (Kim et al., 2018). Moreover, UFP 
concentrations strongly depend on the local sources (Kumar et al., 2010) and decline with the distance to 
source (Karner et al., 2010). Physiochemical processes (dilution, coagulation, evaporation, condensation) 
(Karner et al., 2010; Saha et al., 2018a,b; Zhang et al., 2004) contribute to high spatial variability of UFP 
concentrations within urban areas (Kumar et al., 2014). Particle number concentrations are 2–3 times more 
spatially heterogeneous than PM2.5. The observed order of spatial heterogeneity is UFP > NO2 > CO > PM2.5 
(Saha et al., 2019). UFP concentration is ruled by non-linear processes such as coagulation which reduces 
UFP concentrations by promoting its growing to more than 100 nm. Traffic is a major UFP source in 
nucleation mode and higher UFP concentrations occur in winter during morning traffic rush hours, and at 
night. Photochemical nucleation has a relatively low frequency, but it yields for very high UFP concentrations 
(Agudelo-Castañeda et al., 2019).  
As mentioned before, the mass of UFP is very small. Therefore, the amount of UFP mass available 
for chemical analysis is reduced. Moreover, most studies were conducted using different equipment, different 
measurement protocols, UFP sampling in distinct size ranges, and focused on diverse properties of their 
chemical composition (Morawska et al., 2008). Therefore, the author concludes that chemical composition 
of UFP is not yet fully known. However, it is clear that combustion engines produce gaseous emissions such 
as SO2 and NOx, and that nucleation of these pollutants into sulphate and nitrate particles plays an important 
role in the mechanism that leads to the increase in particle formation near sources (e.g. roads, airports, 
harbours).  
Pakkanen et al. (2001) investigated UFP chemistry, elemental composition included, at two sites 
(urban and rural) in Helsinki, Finland. In both sites, the most important trace elements were Ca (calcium), Na 
(sodium), Fe (iron), K (potassium) and Zn (zinc) (present in higher concentrations), and Ni (nickel), V 
(vanadium), Cu (copper), and Pb (lead) (known as heavy metals). These measured elements accounted for 
less than 1% of the total UFP mass. Kuhn et al. (2005) concluded that UFP samples collected in Pittsburgh 
downtown, were mostly composed of organic matter (45 to 55% in mass) and salts of ammonium and 
sulphate (35 to 40%).  
Sardar et al. (2005), conducted a study at two sites (urban and inland) in Los Angeles, and found that 
organic carbon (the amount of carbon present in the collected organic material) ranged from 32 to 69% (by 
mass), elemental carbon (an indicator of diesel PM and closely related to black carbon) from 1 to 34%, 
sulphate from 0 to 24% and nitrate from 0 to 4%. Organic material was found to comprise the larger fraction 
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of UFP mass, particularly in summer, when photochemical formation of organic aerosol is higher. Reche et 
al. (2011), found out that shipping PM consists mainly on fine to ultrafine fraction (e.g. elementary or black 
carbon (BC), Ni, V, etc.) or results from chemical reactions between exhaust gases and particles in the 
atmosphere. Saffari et al. (2013), in a year-long study at 10 different locations in Los Angeles basin, identified 
road dust (influenced by vehicular emissions as well as re-suspended soil), vehicular abrasion and residual 
oil combustion as major sources of trace elements and metals in PM0.25 (d ≤ 0.25 µm, also known as quasi-
UFP). Studies over the past two decades have linked many of the PM chemical components to oxidative 
potential, including, yet not limited to, polycyclic aromatic hydrocarbons (PAH) (Cheung et al., 2010; Cho et 
al., 2005; Janssen et al., 2014), elemental carbon (EC) and organic carbon (OC), water-soluble organic 
carbon (WSOC), and transition metals (Decesari et al., 2017; Saffari et al., 2013; Shirmohammadi et al., 
2018). 
The composition of PM widely varies and is strictly dependent on the emission source, particle size, 
geographic location, atmospheric chemical transformations, and meteorological conditions (Putaud et al., 
2010). Metals and trace elements such as Ba (barium), Cu, Fe and Pb usually result from abrasion of brakes, 
tyre abrasion, and resuspension of road dust (Lough et al., 2005, Pant and Harrison, 2013). Metals and trace 
elements may also result from lubricating oil additives and engine wear debris accumulated in the oil 
(Gustafsson et al., 2008, Schauer et al., 2006). Particulate matter is greatly increased by the emission of 
unburned or partially combusted lubricating oil, which is expected to be complemented by an increase in 
metal emissions (Schauer et al., 2006). Previous laboratory studies of diesel particulate matter emissions 
showed that lubricating oil is the dominant source of increased emission rates of many metals (Schauer et 
al., 2006). Other studies have reported the formation of UFP as a consequence of abrasion and resuspension 
of road dust due to the tire-pavement interaction, with a peak in number size distribution at 40 nm and mean 
particle number in the 15 to 50 nm diameter range of (Dahl et al., 2006, Gustafsson et al., 2008).  
Overall, UFP chemical composition differs significantly from place to place and it depends on the types 
of local sources and their relative contributions. Studies conducted by Shirmohammadi and co-workers 
(2016, 2017, 2018) allowed additional knowledge of chemical species bounded to quasi-UFP (Figure 2.11). 
Besides elemental and organic carbon (EC and OC), S (sulphur), K, Al (aluminium), Fe, Na and Ca were the 
most abundant elements found at both locations, Na, S, V and As (arsenium) presented higher 
concentrations at LAX (Los Angeles International Airport). Elements associated with abrasion of brake and 
tyre wear (e.g. Ba, Cu, Fe, Mn (manganese), Pb and Zn (zinc) (Pant and Harrison, 2013)) and elements 
associated with re-suspension of road dust (e.g. Al, Ca, K and Ti (titanium) (Marcazzan et al., 2001)) were 
higher at the site in centre of Los Angeles. 
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Figure 2.11: Total concentrations of trace elements and metals bounded to PM0.25 found in two different locations of 
Los Angeles. Error bars represent standard deviation (from Shirmohammadi et al., 2018). 
2.5 IMPACTS OF PARTICULATE MATTER 
2.5.1 Human Health 
During the last decades, many epidemiological studies consistently reported adverse health effects of 
PM exposures, both from short-term (e.g. daily variability) and long-term (e.g. annual averages) (Atkinson et 
al., 2014; Beelen et al., 2015; Cesaroni et al., 2013; Raaschou-Nielsen et al., 2013; Samoli et al., 2013; 
Stafoggia et al., 2013). These studies were mainly conducted in major cities, where air monitoring networks 
allow more accurate measurements and models of spatiotemporal PM variability.  
Fine particulate matter is widely recognized for being particularly harmful and many studies 
demonstrated that its toxicity is considerably greater than course particles (e.g. Leliveld et al., 2015). While 
the impacts on health of PM10 and PM2.5 are well scientifically recognized, studies on UFP health impacts 
are scarce (Kumar et al., 2013). The UFP input into the human body is mainly processed through three ways: 
respiratory, dermal and ingestion (Albuquerque et al., 2012). Because of their small size, they rapidly reach 
the bloodstream and spread through all organs (WHO, 2013). Compared to fine particles, and because of 
their smaller size (ultrafine particles are generally associated with higher numerical concentrations), they 
have a much higher specific surface area, which can be associated with increased reactivity and toxicity (Ezz 
et al., 2015; Sioutas et al., 2005). Ultrafine particles can also cross the cell membranes and damage 
intracellular proteins, organelles and DNA (Carosino et al., 2015; Geiser et al., 2005; Penttinen et al., 2001; 
Peters et al., 1997; Semmler et al., 2004). Figure 2.12 shows a schematic representation of inhaled PM and 
its main effect on human health (Zaheer et al., 2018).  
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Figure 2.12: Diagrammatic representation of inhaled particulate matter of variable sizes and PM-linked respiratory, 
cardiovascular, and neurological diseases (adapted from Zaheer et al., 2018)	 
 
Unlike the health effects of PM2.5 and PM10, the conclusions regarding the effects of UFP are limited 
because they are not usually measured (Lanzinger et al., 2016). The same study also notes that the few 
epidemiological studies carried out on the effect of UFP on the mortality rate have revealed inconsistent 
results. A positive correlation, even though not statistically significant, has been observed between prolonged 
exposure to UFP and mortality due to breathing problems. The authors claim that more years of studies are 
needed to draw more precise conclusions. However, recently, UFP (50-500 nm) were associated with 
cardiovascular mortality in Ruhr area, Germany (Hennig et al., 2018). Given their minimal size and high 
spatial variability, UFP are not strongly correlated with PM2.5 (Baldauf et al., 2016; Kumar et al., 2010). 
However, there is growing concern that the adverse health effects of exposure to UFP may be worse from 
those of larger particles (HEI, 2013). Moreover, there is growing evidence and concern that short-term 
exposures to high UFP levels may also have important and adverse health effects (Stafoggia et al., 2017a). 
Nevertheless, results from previous studies suggest that prolonged exposure to high concentrations of UFP 
may be responsible for reduced lung function and/or aggravation of respiratory diseases, such as asthma or 
chronic obstructive pulmonary disease (Carosino et al., 2015; Ferreira et al., 2013; Stanek et al., 2011; 
Slezakova et al., 2012; Terzano et al., 2010).  
Although clinical studies related to UFP exposure are still not enough for unequivocal conclusions 
regarding its toxicity, they make clear that its effects should not be neglected (Gomes et al., 2012). 
Respiratory and cardiopulmonary problems, increased hospitalization (César et al., 2016), and mortality 
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rates, especially due to lung cancer, are already associated with exposure to particulate matter (PM10 and 
PM2.5) (Buonanno, 2015; Grana et al., 2017; WHO, 2013). In 2013, the International Cancer Research 
Agency, classified diesel engines exhaust particulate matter, as a Group I carcinogen (IARC, 2014). The 
exposure to PM10-2.5 during gestation, regardless gestational stage, was associated with below-average birth 
weight infants (Ebisu et al., 2016). The economic costs associated with treating these health problems could 
be considerably reduced by decreasing the atmospheric concentration of particulate matter (Holland et al., 
2014; Shah et al., 2013). Therefore, as referred by Joerger and Pryor (2018), people living, working or 
spending much time next to intense traffic roads are exposed to high traffic-related emissions and have 
higher risk to respiratory and cardiovascular health problems or even premature mortality (Chen et al., 2008; 
Chen et al., 2017; HEI, 2013; Hystad et al., 2015; Lelieveld et al., 2015;).  
Several studies have shown that UFP are also able to constrain phagocytosis (Renwick et al., 2001), 
and to stimulate necrosis and apoptosis (Pan et al., 2009, Sydlik et al., 2006), inflammation (Müller et al., 
2009), and oxidative stress (Gasparotto et al., 2013). The brain is also affected by the PM, depending upon 
the particulate size and charge (Bharadwaj et al., 2018); particularly, UFP has neurological effects (Daher et 
al., 2013). The potential biological effects are determined by PM characteristics (Wu et al., 2018) which vary 
according to their sources. Wu et al. (2018) showed that the size of PM regulates its potential to cause injury, 
or oxidative, inflammatory responses, among other biological reactions. 
Moreover, recent studies associate airborne PM to cardiovascular diseases and an increase cause of 
stroke (Kolpakova et al., 2017; Lee et al., 2018; Pinault et al., 2017). Cardiovascular issues are linked to 
arise from changes in blood composition and pressure and increases in PM concentrations were linked to 
increase chance for myocardial infarction (Tsai et al., 2003). Additionally, recent studies implied that PM can 
attack the brain parenchyma inducing neurodegenerative and vascular dementia diseases such as 
Alzheimer’s disease, Parkinson’s disease (Chen et al., 2017; Oudin et al., 2016) and may have significant 
impact on central nervous system of children developing brain (Annavarapu and Kathi, 2016).  
A recent global burden of disease study (Gakidou et al., 2017), found that, in 2016, exposure to air 
pollution caused an estimated 6.1 million premature deaths worldwide, of which 4.1 million deaths were 
attributed to exposure to ambient particulate matter. Mousavi et al. (2019) highlighted the toxicity and 
oxidative potential of quasi-UFP emitted by Ports of Los Angeles and Long Beach, as well as road traffic, 
particularly heavy-duty vehicles. Combustion generated particles (from vehicle emissions) range from 30 nm 
to 500 nm (Vu et al. 2015). 
Airport-related particles have been shown to be considerably toxic, even at low exposure 
concentrations (He et al., 2018). The results of this study suggest that airport emission as source of PM0.25 
may also contribute to the adverse effects on public health attributable to PM. The potency of such particles 
is in the same range as those collected at a site in urban area impacted heavily by traffic emissions. Exposure 
to airport-related UFP has an increased acute systemic inflammation (Habre et al., 2018). A recent study in 
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Los Angeles airport, shown that the mean diameter of particles from the airport is around 20 nm, considerably 
smaller than particles emitted from the urban traffic area with mean diameter around 35 nm (Shirmohammadi 
et al., 2017). These airport-related nanoparticles result in a higher surface area/mass ratio, when compared 
to micro-particles. Therefore, more organic and inorganic species are able to be adsorbed and/or absorbed 
on these UFP which is expected to increase their toxicity. 
Nanotoxicology is a recent investigation field which allows a better understanding of toxicity 
mechanisms of airborne UFP in air pollution. Considering the evidences from particulate matter and 
nanotoxicology areas, distinct to fine particulate matter, UFP is suspected to have much more impacts on 
human health (Chen et al., 2016). The authors claim that UFP plays a major role in adverse impacts on 
human health. Therefore, further investigation in toxicological research of air pollution is required. A recent 
review (Ohlwein et al., 2019) concludes that the evidence suggests adverse associations of short-term UFP 
exposure with pulmonary and systemic inflammation, autonomic tone and blood pressure, which may be at 
least partly independent of other pollutants. For the other studied health outcomes (e.g. morbidity and 
mortality), the evidence on independent health effects of UFP remains inconclusive or insufficient. The 
authors recognize road traffic-related exposures and the exposure to UFP in the vicinity of airports as relevant 
issues. They claim that research is still at the beginning, and new exposure assessment methods need to be 
defined and employed in epidemiological studies. Finally, the conclusions achieved are similar in previous 
evaluation (HEI, 2013). 
The results of health impact assessment in Europe, 2015 (both global and EU-28) are presented in 
Table 2.6. Globally, there were registered 422 000 premature deaths attributable to fine particulate matter 
exposure and 79 000 premature deaths attributable to NO2. In EU-28, these figures drop to 391 000 and 
76 000, respectively. Regarding the number of years of life lost, 4 466 000 YLL are attributable to PM2.5 
exposure and 821 000 to NO2, considering all European countries. In EU-28, these figures decrease to 
4 150 000 and 795 000, respectively (EEA 2018a). Premature deaths and years of life loss are defined in 
EEA (2018a) as: 
• Premature deaths are deaths that occur before a person reaches an expected age. This expected 
age is typically the life expectancy for a country stratified by sex. Premature deaths are considered 
to be preventable if their cause can be eliminated.  
• Years of life lost (YLL) are defined as the years of potential life lost due to premature death. It is an 
estimate of the average number of years that a person would have lived if he or she had not died 
prematurely. YLL takes into account the age at which deaths occur and is greater for deaths at a 
younger age and lower for deaths at an older age. It gives, therefore, more nuanced information than 
the number of premature deaths alone.  
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Table 2.6: Premature deaths and years of life lost (YLL) attributable to PM2.5 and NO2 exposure in EU-28 and in 41 
European countries, in 2015 (adapted from EEA, 2018a). 
Countries Population (1000) 
PM2.5 NO2 PM2.5 NO2 
Annual 
Mean(a) 
Premature 
Deaths(b) 
Annual 
Mean(a) 
Premature 
Deaths(b) YLL 
YLL/105 
inhabitants YLL 
YLL/105 
inhabitants 
EU-28 506 030 13.9 391 000 18.9 76 000 4 150 000 820 795 000 157 
Total 538 278 14.1 422 000 18.8 79 000 4 466 000 830 821 000 153 
(a) Expressed in µg.m-3. 
(b) Total and EU-28 premature deaths are rounded to the nearest thousand. 
 
2.5.2 Climate 
Recently, the fifth Assessment Report of the Intergovernmental Panel on Climate Change has 
identified the Mediterranean area as one of the most vulnerable hot spots to climate change for the 21st 
century (IPCC, 2014). On the other hand, the heat and air pollution have synergetic effects on mortality 
(Scortichini et al., 2018). According to these authors, taking in account the predicted increase of frequency 
and/or intensity of heat waves events in Mediterranean areas, special concerns and prevention public health 
heat prevention plans should be implemented. 
Behind health problems, airborne particulate matter is a climate forcing agent (Becceril-Valle et al., 
2017; Fiore et al., 2012; Liggio et al., 2012; Zimmerman et al., 2016), as they modulate the warming effects 
of CO2 and other greenhouse gases (Wang et al., 2019). PM affects mainly the radiative balance and ice 
and clouds albedo, although the uncertainty of the global effect is still high. Additionally to their adverse 
effects on public health, anthropogenic aerosols, or PM, are the most important short-lived climate forcers 
(Boucher et al., 2013; Myhre et al., 2013). Aerosols interfere with terrestrial radiative budget both directly and 
indirectly. In the absence of clouds, the direct effect is scattering or absorbing the shortwave incoming solar 
radiation (Ramanathan et al., 2001), and thus inducing a negative or positive radiative forcing, respectively. 
Moreover, aerosols promote the absorption of longwave radiation emitted by the surface and thus the heating 
of low atmosphere (positive radiative forcing) (Haywood and Boucher, 2000). Indirectly radiative forcing 
results of addition of cloud condensation nuclei and subsequent alteration of clouds properties (Lohmann 
and Feichter, 2005). It can also be considered a semi-direct radiative forcing once the evaporation of clouds 
is enabled in the presence of absorbing aerosols such as black carbon (Ackerman et al., 2000). Moreover, 
the black carbon fraction exerts strong absorption and a positive radiative forcing (Wang et al., 2019). The 
magnitude of direct radiative forcing depends on several properties of the aerosols such as particle diameter 
and chemical composition (Bohren and Huffman, 1998) as well as shape, state of mixture, and hygroscopicity 
(Zieger et al., 2013). Particle number size distribution and their light absorption coefficient are helpful 
parameters to predict the direct radiative forcing based on in situ measurements. Although the uncertainties 
of aerosol radiative forcing remain high, Simon and co-workers (2008) found that direct aerosol forcing in 
urban atmosphere is mainly driven by the absorbing black carbon aerosols. The same study also concluded 
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that the mean heating rate within the urban boundary layer is considerably enhanced, by 4.57 K day-1, due 
to the presence of absorbing aerosols.  
2.6 INFLUENCE OF METEOROLOGICAL CONDITIONS ON AIR QUALITY 
High concentrations of air pollutants depend not only on emission sources but also on dilution 
processes, transport and chemical reactions of the emitted pollutants. These processes are highly dependent 
on meteorological conditions (Russo et al. 2014a). Meteorological parameters such as temperature, wind 
speed and direction, relative humidity, precipitation and mixing layer height are determinant to air quality 
(Russo et al., 2014a). Mainly, wind speed and mixing layer height strongly affect the accumulation/dispersion 
of air pollutants, namely by traffic in urban areas (Grundström, 2015). 
Horizontal (wind) and vertical (turbulence) air movements affect the mixing and transport of air 
pollutants and so, their concentrations (Kim and Guldmann, 2011). Wind speed plays a crucial role in 
pollutants dispersion: low intensity winds (intensity inferior to 5 m.s-1) tend to lead to high pollutants, such 
PM, concentrations once dispersion is not promoted (Russo et al., 2014a). However, for higher wind speed, 
PM concentrations may increase, highlighting the ability of higher wind speeds, associated to high 
mechanical turbulence, to transport and re-suspend PM (Grundström, 2015). For buoyant plumes, such as 
plumes emitted by aircrafts, higher wind speeds promote faster ground arrival which counterbalances the 
dispersion (Hudda et al., 2018). Moreover, wind direction is determinant once locations downwind to emission 
source will present higher concentrations (Kim and Guldmann, 2011). 
Other important meteorological parameter is the mixing layer height which corresponds to the lowest 
atmospheric layer where air constituents are mixed by convection and mechanical turbulence (Chou et al., 
2007). This ability of mixing is critical to keep air quality acceptable in the vicinity of emission sources 
(Wallace et al., 2010). Once the majority of emissions occur close to the ground, the mixing layer is usually 
the layer showing high pollutants concentrations, mainly in urban areas (Chou et al., 2007). Therefore, the 
mixing layer height defines the upper level of the layer close to surface where the pollutant mixing take place 
(Cimini et al., 2013). 
In urban areas is frequent the occurrence of thermal inversions close to the surface. A thermal 
inversion occurs when the vertical temperature profile increases with high in opposition to tropospheric 
vertical temperature profile (Rédon et al., 2014), leading to static stable atmospheric conditions which inhibits 
convection ascendant movements. Therefore, pollutants become trapped in this layer (Wallace et al., 2010), 
promoting eventual extreme pollution events (Russo et al., 2014a) and air quality degradation (Wallace et 
al., 2010). Stable inversions have been associated with the frequent occurrence of the extreme PM2.5 levels 
in middle-south plain of Hebei province (Wang et al, 2018). This study highlights the boundary layer and 
inversion conditions, closely related with topography, as great contributors to high PM2.5.  
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Previous research has concluded that meteorological variables (temperature, relative humidity (RH), 
atmospheric boundary height, wind intensity and direction and precipitation) were decisive parameters for 
pollutant diffusion and dilution (Pateraki et al., 2012; Tai et al., 2010). Moreover, absorption and dry 
deposition on surface (vegetation, soil, and structures) induce PM2.5 concentration reduction (Beckett et al., 
1998; Janhäll, 2015). Also, it has been shown that PM concentration increases with relative humidity, under 
stable atmospheric conditions, low wind speed or thermal inversion conditions. (Mu et al., 2011). Regard 
PM2.5, RH strongly enhances secondary reactions leading to an increasement in PM2.5 concentrations (Liu 
et al., 2016). Lou et al. (2017) reported an inverted U-shaped curve for the relation between RH and PM2.5. 
On the other hand, several works have highlighted the role played by temperature and precipitation. 
Generally, high (low) values of temperature are responsible for intense (lessen) convection of pollutants (Lin 
et al., 2009) and consequently leading to higher (lower) PM concentrations. On the other hand, precipitation 
enhances wet deposition and decreases PM concentrations (Shen et al., 2009).  
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3 BACKGROUND AND METHODOLOGY 
3.1 MAIN SOURCES OF PARTICULATE MATTER IN LISBON 
The atmospheric emissions inventory for the Lisbon and Tagus Valley Region (FCT-NOVA, 2017), 
clearly identified transport modes as the main sources of PM10 and NO2 emissions in Lisbon, during the five 
years covered period, 2010-2014. Results for 2014, presented in Figure 3.1 identify road traffic as the main 
PM10 and NO2 source, accounting for 87 % and 57% of their emissions, respectively. Maritime traffic is 
responsible for 9 % of PM10 emission of which 2 % are related to in-land passenger ferries. This transport 
mode is responsible for 20 % of NO2 emissions, of which 6 % are associated with in-land passenger ferries. 
Air traffic is responsible for 2 % of PM10 emissions and 17 % of NO2 emissions. The remaining 2 % and 6 % 
of PM10 and NO2 emissions, respectively, are related to other sources including electricity production, 
industry, trade and services, domestic and biogenic sectors. 
 
 
 
Figure 3.1: PM10 (top) and NO2 (bottom) relative emissions, in Lisbon, 2014, by source (FCT-NOVA, 2017). 
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3.1.1 Road Traffic 
In the city of Lisbon, air quality is monitored by five AQMS shown in Figure 3.2. Their characteristics 
and measured pollutants are presented in Table 3.1 (http://www.ccdr-lvt.pt/pt/avaliacao-da-qualidade-do-ar-
na-rlvt/8085.htm#D1). As it can be seen, PM2.5 is not measured in three stations and continuous monitoring 
of UFP by AQMN is currently not performed. 
 
Figure 3.2: AQMN in Lisbon and respective air quality index on the 24th April 2019 at 11:00 UTC 
(http://airindex.eea.europa.eu/). 
 
Lisbon has an intense road traffic with diversified characteristics, from low speed narrow streets to 
high-speed roads and highways. Due to this intensive road traffic, the air quality limit values established by 
European Union and Portuguese legislation, particularly for NO2 and PM10, have been often exceeded. Figure 
3.3 presents NO2 and PM10 annual averages over the period 2010-2017 (APA, 2019). The red dot line 
denotates the annual limit value (LV), 40 µg.m-3, for both pollutants. While the measured values at Av. da 
Liberdade (AL), NO2 consistently exceeds this LV, in Entrecampos (EC), it is regularly close to the LV or 
above it. On the other hand, PM10 does not present many exceedances. However, over the last four years of 
the considered period, all series present a slightly increasing trend. 
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Table 3.1: Technical characteristics of Lisbon urban AQMS (http://www.ccdr-lvt.pt/pt/avaliacao-da-qualidade-do-ar-na-
rlvt/8085.htm#D1).  
Station GPS coordinates Type Start Measuring Date Monitored Pollutants 
Av. da Liberdade 
38°43 ́13.140 ́ ́ N 
09°08 ́45.036 ́ ́ W 
Traffic January, 1994 PM10, NO, NO2, NOx, CO 
Entrecampos 
38°44 ́52.137 ́ ́ N 
09°08 ́59.037 ́ ́ W 
Traffic March, 1992 
PM10, PM2.5, NO, NO2, NOx, O3, 
SO2, CO, C6 H6 
Olivais 
38°46 ́08.415 ́ ́ N 
09°06 ́29.338 ́ ́ W 
Background March, 1992 
PM10, PM2.5, NO, NO2, NOx, O3, 
CO, SO2 
Restelo 
38°42 ́17.813 ́ ́ N 
09°12 ́37.145 ́ ́ W 
Background February, 2002 PM10, NO, NO2, NOx, O3, CO 
Sta. Cruz de Benfica 
38°44 ́52.681 ́ ́ N 
09°12 ́09.334 ́ ́ W 
Traffic December, 2008 PM10, NO, NO2, NOx, CO, SO2 and Pb, Ni, Cd, As in PM10 
 
 
Figure 3.3: Annual average concentrations of PM10 and NO2 in Av. da Liberdade (AL) and Entrecampos (EC) 
AQMS and limit value established in EU (2008). 
Although its harmful effects on human health, PM2.5 is not monitored in Av. da Liberdade AQMS. 
Therefore, we are only able to present its annual evolution between 2010 and 2017 in Entrecampos and a 
background air quality monitoring station, Olivais (OLI). As it can be seen in Figure 3.4, the annual limit value 
(25 µg.m-3) has not been exceeded in both stations. Still, over the last four years of the considered period, 
PM2.5 annual concentrations present an increasing trend, to values close to the limit value. 
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Figure 3.4: Annual average concentrations of PM2.5 in Olivais (OLI) and Entrecampos (EC) AQMS and limit 
value established in EU (2008). 
 
Daily mean values of PM10 in Av. da Liberdade and Entrecampos are presented in Figure 3.5 and 
Figure 3.6. In 2017, AQMS of Entrecampos presents only 15.9 % of validated data of PM10. Therefore, we 
chose the previous year, 2016. In 2017, in Av. da Liberdade, the daily limit value for PM10 is often exceeded, 
mostly from Fall to Spring. In Entrecampos, the limit value is accomplished most of the time, although some 
exceedances have been recorded. Hourly mean values of NO2 in Av. da Liberdade and Entrecampos in 2017 
are presented in Figure 3.7 and Figure 3.8. The hourly limit value for NO2 is accomplished most of the time 
in both locations. In Av. da Liberdade, this value is exceeded more often, mainly from October to December. 
The number of annual exceedances of these two pollutants, in the considered sites and years, is presented 
in Figure 3.9.  
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Figure 3.5: Daily average concentrations of PM10 in Av. da Liberdade, in 2017. The red line represents the LV (EU, 
2008). 
 
 
Figure 3.6: Daily average concentrations of PM10 in Entrecampos, in 2016. The red line represents the LV (EU, 2008). 
 
 
Figure 3.7: Hourly average concentrations of NO2 in Av. da Liberdade, in 2017. The red line represents the LV (EU, 
2008). 
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Figure 3.8: Hourly average concentrations of NO2 in Entrecampos, in 2017. The red line represents the LV (EU, 2008). 
 
 
Figure 3.9: Number of exceedances of daily PM10 and annual NO2 limit values in Av. da Liberdade and Entrecampos 
between 2010 and 2017. The red line represents the annual number of exceedances allowed for each one of the 
pollutants (35 and 18 days for PM10 and NO2, respectively) (EU, 2008). 
 
In order to mitigate the exceedances of both NO2 and PM10, Low Emissions Zones (LEZ) were 
implemented. Lisbon’s LEZ, shown in Figure 3.10, were implemented through phases: the first stage started 
in 2011, July 4th, at Marquês de Pombal/Terreiro do Paço axis, zone 1 (LEZ 1), where pre-Euro (prior to 
1992) vehicles circulation was banned during weekdays between 8:00 h and 20:00 h. The 2nd stage begun 
in 2012, April 1st, covering a larger area (about one third of the city), zone 2 (LEZ 2), where pre-Euro vehicles 
were not allowed to circulate. Simultaneously, in zone 1, the circulation restrictions were extended to vehicles 
accomplishing Euro 2 and the time period, weekdays from 7:00 h to 21:00 h (Ferreira et al., 2015). Finally, 
the 3rd stage begun in 2015, January 15th, covering the same area but with circulation restrictions extended 
to vehicles accomplishing Euro 3, in zone 1, and Euro 2, in zone 2, during weekdays between 7:00 h and 
21:00 h (CML, 2015). 
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Figure 3.10: LEZ geographical extent and location (adapted from Ferreira et al., 2015). 
 
Figure 3.11 illustrates de distribution of vehicles by type in Lisbon in 2015, out of LEZ and in zones 
1 and 2 of LEZ. Light passenger cars account for the major parcel of the vehicles followed by taxis, except 
for out of LEZ area, where light duty vehicles occupy the second position. The frequency of light passenger 
cars is also higher, compared to the figures recorded in LEZ. Public passenger transport is more frequent in 
LEZ than in the remaining area. 
The relative distribution by Euro standard and type of vehicle is presented in Figure 3.12. Globally, 
with exception for taxis, about 60 % of the vehicles accomplish Euro 4 or stricter. Considering LEZ 1, this 
figure increases to 70 % for light passenger and light duty vehicles. Still, taxis and buses only achieve a little 
more than 50 % of vehicles accomplish Euro 4 standard being the worst performance for taxis. There were 
not recorded heavy duty vehicles in LEZ 1. A higher frequency of buses accomplishing, at least, Euro 4 in 
LEZ 2 (70 %) than in LEZ 1 (55 %) was recorded. In LEZ 1, during the counting periods, no heavy-duty 
vehicles were recorded which highlight the reduced number of this type of vehicles presently circulating in 
LEZ 1. Nevertheless, it is clear that circulation restrictions in LEZ are not being entirely fulfilled which may 
reduce their impact on air quality improvement. However, these results must be interpreted simply as 
indicative, since counting was performed by students, with an academic purpose and, therefore, their 
representativeness and quality is not fully assured. 
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Figure 3.11: Distribution of vehicles by type and zone in 2015 (adapted from Henriques, 2015). 
 
Real traffic levels are monitored by the GERTRUDE system managed by Lisbon Municipality. This 
system provides automatic counting of traffic at different parts of Lisbon, but it does not provide vehicle age 
nor traffic type distribution (Góis et al., 2007). 
Several campaigns of traffic characterisation in Lisbon have been carried out to evaluate the effect 
of LEZ implementation on air quality improvement (Ferreira et al., 2013; Ferreira et al., 2015; Monjardino et 
al., 2018; Santos et al., 2019). After the third stage of LEZ implementation, an extensive campaign was 
carried out with the purpose of counting and charactering the vehicles, in terms of age (and so Euro emission 
standard) as well as in terms of typology (passenger cars, light duty or heavy vehicles, buses, taxis and 
motorcycles). This campaign was conducted in 2015, covering 18 locations within LEZ1, LEZ2 and out of 
LEZ. It allowed the characterisation of 37 117 vehicles: 6 446 within de LEZ 1, 17 931 in LEZ 2 and 12 739 
out of LEZ. The counting resulted from in-situ observations, for several periods during the day (morning rush 
hour, lunchtime and afternoon rush hour). It was performed by counting teams who also registered type of 
vehicle and fuel.	Moreover, the engine manufacturing year of 14 830 vehicles was also recorded: 2 224 in 
LEZ 1, 7 392 in LEZ 2 and the remaining 4 915 out of ZER areas). Vehicle typology was directly observed 
and evaluated, while vehicle age was assessed by observation of the license plate (which in Portugal 
contains the month and year of construction of the vehicle's engine). 
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Figure 3.12: Relative distribution of Euro Standard by type of vehicle and zone in 2015 (adapted from Henriques, 2015). 
 
The estimated emissions of directly traffic-related pollutants, NOx and PM, in Av. da Liberdade are 
presented in Figure 3.13, where 35 % of NOx emissions are linked to public transports (buses) followed by 
light passenger (28 %) vehicles. Taxis account 13 % in NOx emissions. Thus, passenger transport accounts 
for 73 % of NOx emissions. Regarding particulate matter, light passenger vehicles account for 30 %, closely 
followed by buses (28 %) while taxis account for 20 %. Once again, passenger transport is the main source 
(78 %). 
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Figure 3.13: Distribution of NOx and PM emission by type of vehicle in Av. da Liberdade in 2015 (adapted from Henriques, 
2015). 
 
Finally, the analysis by fuel and engine capacity for light passenger and light duty vehicles in Lisbon, 
2015, is illustrated in Figure 3.14. Data is identical for Av. da Liberdade. Nearly half of light passenger 
vehicles use gasoline while the fuel majority consumed by light duty vehicles is diesel (77 %). 24 % of the 
gasoline passenger vehicles have engine capacity lesser than 1.4 L and 41 % of diesel cars have engine 
capacity lesser than 2.0 L. For light duty vehicles, 18 % of gasoline vehicles have engine capacity lesser than 
2.0 L and, for diesel, this figure rises to 63 %. 
  
 
Figure 3.14: Distribution of light passenger and light duty vehicles by engine capacity (adapted from Henriques, 2015). 
 
3.1.2 Lisbon Humberto Delgado Airport 
Other emission source, far less addressed in previous studies, is the activity of the aviation sector. 
Up to the present, there are no detailed studies of the impact of Lisbon Humberto Delgado Airport (LA) on its 
surroundings, regarding particulate matter concentration, particularly UFP, and other atmospheric pollutants. 
This study intends to fill this gap, assessing the air traffic in LA activities effect on UFP concentrations, which 
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assumes special relevance due to LA’s location: within the city centre, surrounded by residential, business, 
services and recreational areas, schools, sport complexes, hospitals and companies, among others. 
The Lisbon Airport is the Portuguese larger and busiest airport, with an increasing number of 
passengers (100% between 2009 and 2017) and consequent increase in number of flights (Pordata 2018). 
According to the most recent data, in 2017, the LA registered approximately 183 000 flights and it is close to 
reach its full capacity (185 000 flights/year). Currently, LA has only one active runway. It is aligned 
approximately SSW-NNE. Once the predominant winds are from North, most of the landings and take-offs 
take place from South to North (runway 03). For South wind conditions, landings and take-offs use the same 
runway, but in opposite direction (runway 21). As shown in Figure 3.15, LA (dashed contour) is located within 
the city, surrounded by housing, commercial, offices and school complexes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Representation of Lisbon Airport (dashed contour) on map (Maps source: https://www.google.pt/maps). 
 
3.1.3 In-Land Passenger Ferries 
There are several studies evaluating the effects of shipping-related UFP concentrations. However, 
in-land passenger ferries are also a pertinent emission source, far less addressed in those studies in the best 
of our knowledge. Nevertheless, the bottom-up approach used in the atmospheric emissions inventory for 
the Lisbon and Tagus Valley Region (FCT-NOVA, 2017), considering the four main ferry connections 
between Lisbon and Tagus South shore (Cacilhas, Barreio, Montijo and Seixal), point for relevant emissions 
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of PM10 and PM2.5 in the year 2014 as presented in Table 3.2. These results stress the increased need for a 
detailed analysis and evaluation of the UFP emissions. 
Table 3.2: Emissions of PM10 and PM2.5 in 2014 regarding the four main ferry connections between Lisbon and South 
Tagus shore. 
Connection Cacilhas Barreiro Montijo Seixal 
PM2.5  [t/year] 
PM10  [t/year] 
1.0 
1.0 
7.2 
7.7 
2.2 
2.3 
2.0 
2.1 
 
Passenger ferries provide a fast and comfortable alternative to cars, buses and trains for crossing 
the Tagus river. Ferry services play a particularly important role in the Lisbon Metropolitan Area (LMA), 
connecting North and South shores in Tagus Estuary, the largest in Western Europe. Data from April 2018 
(https://www.amt-autoridade.pt/media/1655/relatorio-final_ação-fiscalização_soflusa.pdf) indicates that in 
2016, commuter ferries provided service to 16 million passengers, shuttling them between the nine ferry 
stations serving this network, shown in Figure 3.16. This service is provided by TTSL (Transtejo e Soflusa). 
The longest itinerary is between Montijo and Cais do Sodré (13.8 km), followed by Barreiro – Terreiro do 
Paço (9.3 km), Trafaria – Porto Brandão – Belém (9.3 km), Seixal - Cais do Sodré (8.5 km) and Cacilhas – 
Cais do Sodré (2.2 km). 
 
 
Figure 3.16: Map of the network of ferry stations connecting the northern and southern shores of Tagus River (Maps 
source: https://www.google.pt/maps, last accessed on December 2018). 
 
Currently, the fleet is composed by 28 vessels: 18 catamarans, three ferries (catamaran) for 
passenger and cars, five passenger ferries (named “cacilheiros”) and two monohull (https://ttsl.pt/terminais-
e-frota/frota/). The power of the different vessels is presented in Figure 3.17. The hourly number of ferries 
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cruising in Tagus by week-day, Saturday and Sunday/Holiday is presented in Figure 3.18, and the annual 
average trips associated with the different connections is presented in Figure 3.19. 
 
 
Figure 3.17: Power, in kW, by type of ferry of the fleet operating in Tagus River, in LMA. 
 
 
Figure 3.18: Hourly number of ferries cruising in Tagus, LMA, by week-day, Saturday and Sunday/Holiday. 
 
 
Figure 3.19: Annual average trips in 2018 associated with the different connections. 
 
During weekdays, the number of ferries cruising the Tagus river rounds 40 ships during the morning 
and evening rush hours (8:00 h and 18:00 h, respectively), when most people uses this type of public 
transportation for commuting to work/school and back home. Nevertheless, even on weekends and holidays 
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the number of commutes is between 10 and 15 ships each hour. Only during the night period, from 0:00 h to 
5:00 h, operations are less than five, or even null. Connections between Cacilhas – Lisbon and Barreiro – 
Lisbon are from far the most frequent. 
3.2 SAMPLING EQUIPMENT 
Aiming to assess the influence of road, aircraft and in-land passenger ferries traffic on urban and 
suburban air quality, particularly on UFP concentrations, three monitoring campaigns were designed 
accordingly to the emission source considered. Measurements were carried out with one portable particle 
number counter, P-TRAK®. Except for two sites related with the aircrafts monitoring campaign, where the 
equipment was installed in residences, all measurements were carried out in open-air environment, where 
the monitoring equipment was handled by an expert.  
Ultrafine particles concentration is expressed as the number of particles by cubic centimetre      
(pt.cm-3). UFP concentrations measurements were performed with the particle counter “P-Trak® Ultrafine 
Particle Counter, 8525”. As shown in Figure 3.20, P -track is a portable measuring device which detects and 
counts, each second, particles with less than 1 µm diameter present in a cubic centimetre volume of air by 
an optical method. Consequently, the particle number counting (PNC) is expressed in pt.cm-3. The particles 
captured in the inlet stream are mixed with alcohol vapour (isopropyl) allowing the microscopic particles in 
the air growth into larger droplets, easier to detect and count. This mixture passes through a condenser which 
promotes the condensation of the alcohol on the particle’s surface, forming a droplet with enough size to 
diffuse visible light. Then the droplets pass through a laser beam where a light detector counts the number 
of light flashes produced. Each flash corresponds to a particle. Before sampling, it is mandatory to verify that 
the counter is operating normally. For this purpose, it is used an HEPA zero filter (P-Trak®, 2013). This filter 
is attached to the counter and it should register zero in a few seconds. P-Trak® concentration range is 0 to 
5 x 105 pt.cm-3 for particles range size 0.02 to 1 µm. Its sampling flow is 100 cm3.min-1 and operation 
temperature range is 0 to 38 ºC (Figure 3.20). 
 
 
Figure 3.20: Particle number counter device, P-Trak®. 
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Table 3.3: P-Trak® technical characteristics (adapted from P Trak®, 2013). 
Concentration range 0 to 5 x 105 pt.cm-3 
Particle size range 0.02 to 1 µm 
Operation temperature range 0 to 38 ºC 
Sample flow rate 100 cm3/min 
 
Although P-Trak® measures particles less than 1 μm size, and UFP are defined as particles with a 
diameter less than 100 nm, interference will be minimal. Unlike mass concentrations, PNC consists mainly 
of particles smaller than 0.1 µm (Kumar et al., 2011). Further details about the sampling equipment may be 
found in P Trak®, 2013. 
Several studies in Europe have shown that air masses from the Northern Africa and/or the 
Mediterranean Sea transport particulates rich in Saharan dust (e.g. Querol et al., 2009). During all the 
sampling periods, no episodes associated with air masses transporting dust from Sahara were registered. 
3.3 ROAD TRAFFIC 
Aiming to assess the influence of road traffic on urban air quality, specifically on UFP concentrations, 
similarly to what was done in other studies (Dos Santos-Juusela, 2013; Goel and Kumar, 2015; Grana et al., 
Hudda et al., 2014; 2017; Joerger and Pryor, 2018; Rahman et al., 2017; Simon et al., 2017; Van Popel et 
al., 2012; Wang et al., 2008), a monitoring campaign was designed by choosing sampling sites in three 
locations with distinct traffic modes. The three options have different traffic patterns (low/medium or high 
speed) and restrictions in vehicles circulation (Figure 3.21). 
 
Figure 3.21: LEZ geographical extent and location of the three analysed sites (black dots) (adapted from Ferreira et al., 
2015). 
1
2
3
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Site 1, in Avenida da Liberdade, nearby the air quality monitoring station (AQMS), is considered a 
traffic hotspot in LEZ, zone 1. Site 2, in Entrecampos, is also considered a traffic hotspot, close to the 
boundary of LEZ, zone 2, but out of it, also close to an AQMS. The purpose of monitoring UFP close to 
AQMS was to establish eventual correlations between PNC and some pollutants monitored by the respective 
AQMS. Furthermore, we aimed to find differences in PNC between zones with and without road traffic 
circulation restrictions. Finally, site 3, close to a high-speed road, 2nd Circular, where UFP concentrations 
were measured in two different locations, Torres de Lisboa (site 3.1) and Escola Alemã (site 3.2). The sites 
locations are presented in Figure 3.22. Each sampling site was properly geo-referenced (Table 3.4). 
Table 3.4: Geographic coordinates of traffic-related sites. 
Site Latitude Longitude 
Av. da Liberdade 
Entrecampos 
Escola Alemã 
Torres de Lisboa 
38.720968 
38.748500 
38.757659 
38.757714 
-9.146171 
-9.148763 
-9.175148 
-9.163447 
 
Av. da Liberdade, in downtown and Lisbon’s historical centre, is characterized by intensive 
commercial and offices complexes, as well as cultural spaces, hotels and residences. Therefore, it is daily 
visited by thousands of people, mainly workers, service’s clients and tourists. Entrecampos, close but out of 
the LEZ boundary, is characterized by the confluence of four major avenues (Avenida das Forças Armadas, 
Avenida da República, Avenida Estados Unidos da América e Campo Grande). Plus, it is an important 
transport commuting zone with offices complexes, residences and schools. Finally, 2nd Circular, subdivided 
in Torres de Lisboa and Escola Alemã, has no restrictions to vehicle’s circulation. It is characterized by its 
proximity to a major high-speed road, surrounded by commercial and offices complexes, schools and 
residences. 
 
 
 
71 
  
  
 
Figure 3.22: Representation of sampling sites. The star indicates the AQMS and sampling sites (a) Avenida da Liberdade, 
site 1; (b) Entrecampos, site 2 and (c) 2nd Circular, site 3, where dots indicate the two different locations (Torres de Lisboa 
and Escola Alemã, sites 3.1 and 3.2, respectively). (Maps source: https://www.viamichelin.pt/web/Mapas-plantas). 
 
3.3.1 Monitoring Campaigns 
Three campaigns were carried out starting in July 2017 covering two different seasons, different 
sampling periods and three different sampling sites, presented in Figure 3.22. The first UFP monitoring 
campaign was carried out in the Summer of 2017 (2-days monitoring period), the second in Spring of 2018 
(4-days, March to May 2018), and the third in the Summer of 2018 (3-days, August 2018), accomplishing 38 
hours of suitable measurements. More detailed information can be found in Table 4.1.  
3.3.2 Meteorological Data 
Meteorological conditions during sampling were collected from Portuguese Institute for Sea and 
Atmosphere (http://www.ipma.pt/en/otempo/obs.superficie/). The height of the Mixing Layer was compiled 
from the atmospheric soundings, at 12:00 UTC over Lisbon 
(http://weather.uwyo.edu/upperair/sounding.html), for the sampling period. 
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In sampling sites 1 and 2, data from the respective AQMS was also recorded (APA, 2018). Aiming to 
assess the number and type of vehicles, 10-minute counting’s of vehicles during each sampling hour were 
taken, discriminating passenger cars, light-duty, buses and heavy-duty vehicles. 
 
3.3.3 Data Analysis 
Regarding road traffic, this study was performed with two main purposes: understand and, if possible, 
quantify how does PNC vary with different vehicles and traffic intensity, and establish probable correlations 
between PNC and pollutants measured by AQMS, when applicable. Meteorological parameters (wind 
intensity (v) and direction, temperature (T) and relative humidity (RH)) were obtained from IPMA Gago 
Coutinho weather station (http://www.ipma.pt/en/otempo/obs.superficie/, last accessed on May 2018). 
Atmospheric pollutants monitored by AQMS (PM10, CO, NO, NOx and NO2) were obtained from the Regional 
Development and Coordination Commission of Lisbon and Tagus valley (CCDR-LVT), responsible for the air 
quality network, with 1-hour time resolution. 
3.3.3.1 Avenida da Liberdade (site 1) 
Due to the high pollutant levels already described, this site is the most relevant within this traffic-
related study. For the campaign purposes, 15-minute time resolution for nitrogen oxides (NOx), nitrogen 
monoxide (NO) and nitrogen dioxide (NO2) were obtained from CCDR-LVT. Plus, real-time traffic counting is 
compiled and registered by the GERTRUDE system, property of Lisbon Municipality (CML), also with a 15-
minute time resolution. GERTRUDE’s data relative to four days in which we monitored PNC was obtained 
from CML. Unfortunately, the vehicles counting does not distinguish their typology, fuel nor age. For these 
reasons, GERTRUDE’s data was not used in this work. The option was to count vehicles, 10 minutes in each 
direction, and extrapolate to an hour. Vehicles counted were subdivided in typology (passenger cars, taxis, 
buses and light-duty and heavy-duty vehicles). Linear regressions considering all sampled data in this site 
were performed using the Least Squares Method to access correlations between:  
i) 1-hour PNC averages and number of vehicles counted by type (passenger cars, taxis, buses, 
light-duty and heavy-duty vehicles) and fuel (gasoline, diesel, hybrid and electric);  
ii) 1-hour PNC averages and pollutants monitored by Avenida da Liberdade AQMS normalized 
with the background correspondent data measured in Olivais AQMS and 
iii) 15-minute PNC averages and nitrogen oxides monitored in Avenida da Liberdade AQMS. 
Regressions were performed with a 95% confidence level. 
Traffic was also characterized according to its:  
i) typology (passenger cars (PC), light-duty vehicles (LD), heavy-duty vehicles (HD), buses (B) 
and taxis (T));  
ii) fuel (gasoline (G), diesel (D), hybrid (H) and electric (E)) and  
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iii) Euro Standard.  
The counting for Euro Standard characterization in situ, took place during two different periods 
(morning and afternoon) in two different sampling days (26th and 30th July), lasting for about 20 minutes each 
one. Vehicle typology was determined by direct observation and the vehicle age by observation of the license 
plate (in Portugal is mandatory that the license plate specify the year and month of construction of the 
vehicle’s engine). Additionally, 1-minute averages were also performed and plotted. The highest PNC figures 
were crossed with on-site observed specific traffic occurrences such as type or age of vehicles observed.  
3.3.3.2 Entrecampos (site 2) 
As for Avenida da Liberdade, linear regressions considering all sampled data in this site were 
performed using the Least Squares Method to access correlations between:  
i) 1-hour PNC averages and traffic intensity and type according to our counting; 
ii) 1-hour PNC averages and pollutants monitored by Entrecampos AQMS. 
3.3.3.3 2nd Circular (site 3) 
The main purpose of the choice of this site was to comparison of its PNC levels with the ones in the 
other two sites under analysis, with completely different traffic characteristics. ANOVA tests were applied to 
compare PNC among the three sites subject to this study. 
3.4 LISBON AIRPORT 
Aiming to assess the area of influence of air traffic activities on urban and suburban air quality, a 
monitoring campaign was designed by choosing several sampling sites in the vicinity of LA and a set of sites 
further away of the LA, under the landing or take-off path (Figure 3.23). The unique characteristics of LA, 
within the city and surrounded by many intense traffic roads, makes it more difficult to individualize UFP from 
air traffic, especially regarding the take-off path due to inaccessible monitoring locations close to the runway 
northern end. Measurements were limited due to geographical conditions, access restrictions to LA boundary 
and vicinity, equipment performance and variable meteorological conditions. Moreover, other factors that 
might play a role, such as engine type (Masiol et al., 2014; Ren et al., 2016), were not evaluated. 
As shown in Figure 3.15, LA (dashed contour) is located within the city, surrounded by housing, 
commercial, offices and school complexes. Sampling locations, indicated by numbers, are shown in Figure 
3.23. The thin black arrow indicates the only runway and main direction of landing and take-offs; the dashed 
black line indicates the landing and take-off path and the thick blue arrow on top left, indicates de predominant 
wind direction (https://pt.windfinder.com/windstatistics/lisboa). Each sampling site was properly geo-
referenced (Table 3.5). 
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Table 3.5: Geographic coordinates of each LA-related site. 
Site Latitude Longitude  Site Latitude Longitude 
1 
2 
3 
4 
5 
6 
7 
38.757659 
38.757714 
38.763007 
38.762705 
38.763319 
38.76107 
38.761638 
-9.175148 
-9.163447 
-9.142951 
-9.142849 
-9.141713 
-9.147991 
-9.146628 
 8 
9 
10 
11 
12 
13 
14 
38.803900 
38.778427 
38.789856 
38.756015 
38.807932 
38.724627 
38.751846 
-9.124213 
-9.141877 
-9.135275 
-9.150279 
-9.123248 
-9.164347 
-9.146484 
 
 
Figure 3.23: Representation of LA and sampling sites. The thin arrow indicates the main runway and direction of landings 
and take-offs, the dashed line shows the landing and take-off route, and the thick arrow, on top left, indicates the 
predominant wind direction. (Maps source: https://www.google.pt/maps). 
 
The locations close to the airport allow an assessment of the effect of all operations at the airport 
(landings, take-offs, movement of aircrafts and other vehicles within facilities); the most remote locations are 
intended to assess the effect of the aircraft approaching or after the take-off. Locations 1 and 2, close to a 
major road (as sampling sites 3 to 5) but more distant to the airport and out of the predominant wind range, 
indicate the UFP concentrations expected out of the airport activities influence. 
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3.4.1 Monitoring Campaigns 
Three campaigns were carried between July 2017 and May 2018, covering three diferrent seasons 
and different sampling periods (Table 4.5): 
The first UFP monitoring campaign was carried out in the summer (4-days monitoring period, in July 
2017), the second in the fall (11-days, from October to December 2017) and the third in the spring (4-days, 
from March to May 2018), complying approximately 75 hours of suitable measurements. 
When located next to intense traffic roads, the sampling periods were chosen in order to minimize 
the road traffic influence (weekends and holidays, or dawn). Except for sites 13 and 14, measurements were 
carried out on the street, where the monitoring equipment was handled by an expert. In sites 13 and 14 
(residences) the monitoring equipment was left on a balcony.  
All take-offs and landings during the sampling periods were identified on Flightradar24 
(https://www.flightradar24.com/data/airports/lis/), as well as the model and age of the aircraft and destination 
distance type (short/medium or long-haul). 
 
3.4.2 Meteorological Data 
The meteorological conditions during sampling were collected from Portuguese Institute for Sea and 
Atmosphere. (http://www.ipma.pt/en/otempo/obs.superficie/). The height of the Mixing Layer (ML) was also 
compiled from atmospheric soundings, at 12:00 UTC over Lisbon, 
(http://weather.uwyo.edu/upperair/sounding.html) for the sampling period. Wind data was obtained from 
IPMA weather station with a 10-minutes time resolution. 
 
3.4.3 Data Analysis 
The sampling dates were chosen based on wind intensity and direction daily forecast, in order to be 
downwind (or close to downwind) to the airport and/or aircraft plume during each sampling collection. 
Furthermore, during sampling, wind speed and direction were permanently checked, both on-site and on 
IPMA’s website. Whenever the wind conditions were not satisfactory, the sampling was cancelled. So, 
regardless the site, measurements were not ever done upwind which allows for a more robust analysis. Once 
wind direction is highly variable, and similarly to what was done by Hudda et al. (2016), for each site, PNC 
versus 10º wind direction ranges were plotted to find the wind direction responsible for the highest 
concentrations. These wind directions were called “impact wind direction” (IWD). 
Linear regressions considering all sampled data, aggregated regardless of the location of the 
monitoring site, were performed using the Least Squares Method to access correlations between 10-minute 
PNC averages and (i) number of flights, (ii) meteorological parameters, namely (1) wind speed and (2) mixing 
layer height. In regression between number of flights and PNC, a 10-minutes time period was considered for 
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both variables. During that period, both the maximum number of landings and take-offs were six, whereas 
the maximum number of flights (landings plus take-offs) was ten. PNC averages during all 10-minutes periods 
were calculated per each number of flights, from zero to ten. Finally, we plotted these data and correlations 
between the number of flights and PNC were calculated with a 95% confidence level. Single factor ANOVA 
was performed among all sites and among sites with similar characteristics with a 95% confidence level. 
This approach can easily be applied to other airports. 
3.5 IN-LAND PASSENGER FERRIES 
Aiming to assess the influence of river passenger ships on urban and suburban air quality, particularly 
on UFP concentrations, a monitoring campaign was designed by choosing sampling sites in the vicinity of 
the ferry terminals. The strong influence of emissions from road traffic, as well as the intense ferries traffic, 
created a challenging monitoring environment. Furthermore, measurements were limited due to geographical 
conditions, access restrictions to ferries stations and vicinity, equipment performance, and variable 
meteorological conditions. 
 
3.5.1 Monitoring Campaigns 
Measurements took place in non-consecutive 19 periods, reaching a total of approximately 45 hours 
of suitable measurements. Details of the sampling periods can be found in Table 4.10. Considering the goal 
of measuring the plume emitted by ferries at the Lisbon ferry stations (Cais do Sodré and Terreiro do Paço, 
(Figure 3.16), it would be mandatory winds from a southern direction. We must stress that those synoptic 
situations are relatively scarce in Lisbon, where predominant winds are from the northern direction. In addition, 
both stations are overmuch close to intense traffic roads and the frequency of number of arrivals and 
departures, sometimes continuous, would difficult the association between a ferry operation and its effect on 
UFP concentration. Furthermore, most of the available surrounding areas are public restricted. The 
combination of these factors disengaged any reliable measurements in Lisbon. Therefore, only the stations in 
Tagus southern shore were selected, namely Cacilhas, Barreiro, Seixal and Montijo. The southern stations 
allowed measurements from the plumes emitted by the majority of TTSL ships currently cruising the Tagus 
river. Also, especially for Barreiro and Cacilhas, they register high number of ferry operations and, exception 
for Cacilhas, they are relatively away from other UFP sources. Additionally, the location of Seixal ferry allows 
to assess the area of influence of ferry’s path from/to Barreiro within the urban and sub-urban areas, therefore 
enabling the evaluation on ferry cruising on urban air quality, along the navigation path.  
Details about the location of each sampling site can be seen in Figure 3.24. Continuous lines indicate the ferry 
paths, shadowed triangles represent the manoeuvring and hoteling area, arrows designate the wind direction 
which allow the ferry plume measurement during cruising on the sampling site (dot). Both Montijo and Seixal 
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ferry stations are located in areas relatively far away from residential areas. Barreiro is located closer to 
residential areas and Cacilhas is located close to restaurants and residential areas. 
Aiming to maximize measurements under downwind conditions, sampling site dates were chosen 
according to the available meteorological forecast. Measurements were carried out on the street with one 
particle counter equipment. The monitoring equipment was handled by an expert. Each sampling site was 
properly geo-referenced (Table 3.6). 
 
Table 3.6: Geographic coordinates of each ferry-related site. 
Site Latitude Longitude 
Barreiro 
Cacilhas 
Montijo 
Seixal 
38.651139 
38.688012 
38.699612 
38.647605 
-9.077778 
-9.148781 
-9.005861 
-9.095500 
 
  
  
Figure 3.24: Location of the ferry-related sampling sites (dots). Arrows indicate the downwind directions to cruising paths; 
Shadow triangles indicate the manoeuvring area; continuous lines indicate the ferry path. Top left – Cacilhas; top right – 
Barreiro; bottom left – Montijo and bottom right – Seixal. (Maps source: https://www.viamichelin.pt/web/Mapas-plantas#, 
last accessed on December 2018). 
 
The height of the Mixing Layer (ML) was compiled from the atmospheric soundings, at 12:00 UTC over 
Lisbon (http://weather.uwyo.edu/upperair/sounding.html) for the sampling periods. All departures and arrivals 
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during the sampling periods were checked on sight. The ferry model, technical characteristics and age were 
obtained from the TTSL site (https://ttsl.pt/terminais-e-frota/frota/). Meteorological parameters (temperature, 
wind intensity and direction, relative humidity) were also recorded with a portable meteorological station 
model WatchDog 2700. Its technical characteristics are resumed in Table 3.7. 
Table 3.7: Technical characteristics of the portable meteorological station WatchDog 2700. 
Parameter Range Accuracy 
Temperature -40 ºC to 125 ºC ±0.3 ºC at -40 ºC to 90 ºC 
Relative Humidity 10 % to 100 %, at 5 ºC to 50 ºC ±3% at 20% to 100% and 25 ºC 
Wind Speed 0.1 to 322 km.h-1 ±3 km.h-1 
Wind Direction 0º to 330º, resolution 1º ±3º 
 
Currently, from the 28 operational ferries, only 15 were identified during sampling periods. Technical 
data of the identified ferries are presented in Table 3.8. The exhausting system in catamarans is close to 
water level while in all other ships are located at the top, emitting the exhaust plume of the ferry directly into 
ambient air. All ferries have engines classified as Diesel/High Speed.  
 
3.5.2 Data Analysis 
Due to synoptic and geographical constrains, similarly to what was done in airport-related monitoring, 
measurements were mostly done downwind, allowing for a more robust analysis.  
Averages of PNC were plotted considering the temporal window from 1-minute before and after 
arrivals/departures. Linear regressions considering site by site data were performed using the Least Squares 
Method to access correlations between 1-minute PNC averages and meteorological parameters, namely 
temperature, relative humidity, wind speed and mixing layer height. Aiming to access correlation between 
PNC and ferry operations, linear regressions between 1-hour PNC averages and number of ferry operations 
during that period were also performed. Regression was made with a 95% confidence level. Furthermore, 
ANOVA analysis between periods with and without ferry operations was also performed, also with 95% 
confidence level. Associations between PNC and different classes of ferries were also evaluated. 
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4 RESULTS AND DISCUSSION 
4.1 ROAD TRAFFIC 
As mentioned in chapter 3, the three sites where PNC were measured present distinct traffic 
characteristics. The site with most interest is Avenida da Liberdade, not only because of its localization, in 
Lisbon downtown, but also because it is located in LEZ1, where the most strictly restrictions to vehicles 
circulation are applied. The main purpose of the two other sites, Entrecampos and 2nd Circular, close to LEZ 
boundary and far from it, respectively, is to perform a comparison of PNC levels. 
The measurements taken at each sampling site (minimum, average and maximum PNC), the 
respective average meteorological parameters (mixing layer height (ML), wind intensity (v), temperature (T) 
and relative humidity (RH)) are summarized in Table 4.1. PNC obtained results, summarized by location, 
PNC average, mode and standard deviation are presented in Table 4.2. 
 
Table 4.1: Sampling dates and periods for each road traffic-related site and the corresponding height of the mixing layer 
(ML), wind speed (v) and direction, temperature (T), relative humidity (RH) and measured minimum (Min), mean, mode, 
and maximum (Max) PNC values. 
Site Date 
Period ML Wind T RH PNC [pt.cm-3] x 103 
[Time UTC] [m] v [km.h-1] Direction [ºC] [%] Min Mean Mode Max 
Torres de Lisboa 11/07/17 14:49 – 19:04 617 6 NNW 28 29 3.0  14.1 10.2 233  
Escola Alemã 13/07/17 13:29 – 17:49 400 6 NNW 33 32 1.4  15.9 15.6 277  
Av. da Liberdade 
28/03/18 14:06 – 18:03 936 15 NW 15 64 1.7 12.3 10.6 164 
05/04/18 08:40 – 12:39 919 7 E 15 70 13.8 28.5 24.6 278 
19/04/18 09:13 – 11:19 182 14 NE 15 60 7.3 21.7 12.0 145 
26/04/18 08:46 – 12:48 580 13 NW 19 65 7.6 21.0 12.0 138 
11/05/17 15:54 – 10:05 899 16 NW 17 63 3.1 10.4 11.4 11.4 
26/07/18 14:57 – 17:49 976 20 NW 25 52 4.0 20.8 15.8 235 
30/07/18 08:48 – 11:25 842 12 NW 23 62 2.6 13.0 10.1 421 
Entrecampos 
01/08/18 15:46 – 17:46 660 15 NW 31 45 5.4 11.9 10.2 68.9 
10/08/18 08:24 – 11:00 574 15 N 24 48 4.1 11.0 10.3 87.0 
14/08/18 09:11 – 12:02 846 9 NE 25 62 2.6 7.8 10.2 106 
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Table 4.2: Obtained average, mode and standard deviation (SD) of PNC on traffic-related sites, in pt.cm-3 x 103. 
Site Average Mode SD 
Torres de Lisboa 15.9 15.6 13.9 
Escola Alemã 14.1 10.2 10.2 
2nd Circular(1) 15.0 11.8 12.2 
Av. da Liberdade 18.2 11.4 13.2 
Entrecampos 10.3 10.2 5.1 
(1) It combines Torres de Lisboa and Escola Alemã. 
 
4.1.1 Overall Statistical Analysis 
As it can be observed in Figure 4.1, the highest 1-minute PNC means and dispersion were obtained 
in Av. da Liberdade, and the lowest were obtained in Entrecampos. In boxplot graphics, boxes delineate 
median, upper and lower quartiles, with the whiskers extending up from the top of the box to the largest data 
element that is less than or equal to 1.5 times the interquartile range (IQR) and down from the bottom of the 
box to the smallest data element that is larger than 1.5 times the IQR. Dots represent outliers, i.e. values 
beyond the ends of the whiskers. Although the most frequent values presented no significant differences 
among the three sites, dispersion is much higher in Av. da Liberdade, which leads to mean PNC values 
almost twice higher than on Entrecampos (18.2 x 103 and 10.3 x 103 pt.cm-3, respectively). This fact highlights 
that, in spite of all efforts made to reduce traffic-related air pollution in Av. da Liberdade, air pollution remains 
an issue. Even when compared to 2nd Circular (Escola Alemã and Torres de Lisboa), a very busy high-speed 
road with no circulation restrictions, Av. da Liberdade presents higher PNC values. Regarding mode values, 
Entrecampos and Escola Alemã presented the lowest values, followed by Av. da Liberdade and Torres de 
Lisboa (10.2, 11.4 and 15.6 x 103 pt.cm-3, respectively). In fact, although its mean value is higher, mode value 
in Av. da Liberdade is considerably lower, when compared to the value obtained in Torres de Lisboa. This 
result indicates that peak values are more frequent and higher in Av. da Liberdade than in 2nd Circular, as it 
can be observed in Figure 4.1. 
 
Figure 4.1: Boxplot of 1-minute PNC mean distribution by traffic site. (1st quartile, average (x), median (-), 3rd quartile 
and outliers (dots)). 
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Single factor ANOVA among sites presented is presented in Table 4.3. The obtained results clearly 
show statistically significant differences in the means among the sites (p-value much lower than 0.01). This 
result shows that at least one site presents a different mean value. When applied between two sites, covering 
the six possible combinations, ANOVA outputs indicate that means remain statistically different (p-values 
much lesser than 0.01). These results show that PNC levels are different among sites with different traffic 
characteristics.  
Table 4.3: Single factor ANOVA for PNC sampled values among the four traffic sites 
Source of Variation SS df MS F P-value F crit 
Between Sites 1,45E+12 3 4,84E+11 3534.356 0 2.60 
Within Sites 1.89E+13 137 950 136 947 684    
Total 2.03E+13 137 953     
 
4.1.2 Traffic Characterization and PNC Levels 
4.1.2.1 Avenida da Liberdade 
The traffic characterization in situ, took place during two different periods (morning and afternoon) in 
two different sampling days (26th and 30th July), lasting for about 20 minutes each one. The results by type 
of vehicle are presented in Figure 4.2. The majority (83 %) of vehicles in this avenue are passenger transport 
related. Among these, light passenger cars account for 50 % disaggregated by type of fuel in 29 % gasoline 
powered, 19 % diesel and 2 % hybrid or electric. Taxis account for 26 %, and buses 7 %. The remaining 17 
% are duty vehicles, of which, 4 % are heavy-duty. The analysis by Euro Standard and type of vehicle is 
presented in Figure 4.3.  
 
Figure 4.2: Traffic characterization by type of vehicle in Av. da Liberdade over two periods during sampling. (PC – 
passenger cars; LD – light-duty vehicles; T – taxis; B – buses; HD – heavy-duty vehicles; G – gasoline; D – diesel; HE – 
hybrid or electric). 
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Figure 4.3: Traffic characterization by Euro Standard and type of vehicle. (PC – passenger cars; LD – light-duty vehicles; 
T – taxis; B – buses; HD – heavy-duty vehicles; G – gasoline; D – diesel; HE – hybrid or electric) in Av. da Liberdade. 
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The majority of vehicles circulating in Av. da Liberdade comply with the applied Euro restrictions to 
this location. However, there are still a reduced number of vehicles which do not meet the imposed 
restrictions, namely: 
- Passenger cars, gasoline powered (PC-G) – 2 % 
- Taxis (T) – 6 % 
- Buses (B) – 3 % 
- Light-Duty (LD) – 12 % 
- Heavy-Duty (HD) – 9 % 
Globally, 4 % of vehicles in circulation in this avenue do not meet the required Euro 3 Standard is 
still significant. Also, it is expected that PNC are higher when some of these vehicles passes close to the 
sampling site. In fact, as shown in Figure 4.4, the majority of 1-minute PNC peaks are associated with the 
event of an older vehicle, prior to 2000, mostly buses, taxis and light-duty. This result is in accordance to 
recent findings reported by Luengo-Oroz and Reis (2019) and Qiu et al. (2019). In this figure, the black arrow 
represents a period when a “leaf blower” device was functioning nearby the sampling spot. Due to the 
unusually high values, not caused from traffic-related, measurements during this period were discarded from 
the analysis.  
 
 
Figure 4.4: Association between 1-minute PNC peaks and specific observed vehicles in Av. da Liberdade. The black 
arrow denotes a period where measurements were discarded due to another source of contamination. 
 
Unlikely other studies (e.g. Qiu et al., 2019), the constant and intensive traffic in this avenue, with 
many stops due to traffic lights, consequent breakings, accelerations and congestions, and the dependence 
of PNC from specific traffic events, correlations between the number of vehicles and PNC could not be 
established. Still, as it can be seen in Figure 4.5, 1-hour PNC mean closely follow the number of buses and 
light-duty vehicles. This fact suggests that these two diesel powered types of vehicles govern the UFP 
concentration in this avenue. This fact is in accordance with several studies (e.g. Knibbs et al., 2011; Luengo-
Oroz and Reis, 2019; Qiu et al., 2019). 
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Figure 4.5: 1-hour means of PNC vs. buses and light-duty vehicles, in Av. da Liberdade 
 
4.1.2.2 Entrecampos 
In Entrecampos, the traffic characteristics are quite different from the ones in Av. da Liberdade. 
Although traffic is also intense, it flows much easier and with lesser traffic congestions. In spite of the reduced 
sampling hours, it was found a positive strong correlation statistically significant was found between 1-hour 
PNC means and the number of vehicles during that period (r = 0.73, p = 0.04), as shown in Figure 4.6. This 
result is in accordance with other studies findings (e.g. Qiu et al., 2019). However, given the reduced 
sampling hours and consequent lack of vehicles counting between 2540 and 3240, one should be careful 
with the fact that the slope is determined by two points. 
 
Figure 4.6: Statistical outputs for regression analysis with 95% confidence level between PNC 1-hour averages and the 
number of vehicles, in Entrecampos. 
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As mentioned before, there are no traffic restrictions in this site. Still, similarly to what was done in 
Av. da Liberdade, peaks of 1-minute PNC means were associated to particular observed traffic events as 
shown in Figure 4.7. Unequivocal identification of Euro Standard was not always possible, but most PNC 
peaks are associated with heavy and light-duty vehicles, buses and older passenger cars. 
 
 
Figure 4.7: Association between 1-minute means of PNC peaks and specific observed vehicles in Entrecampos. 
 
4.1.3 Correlation between PNC and other atmospheric pollutants 
4.1.3.1 Avenida da Liberdade 
As it can been seen in Figure 4.8, results show statistically significant strong positive correlation 
between hourly mean values of PNC and PM10 (r = 0.76, p < 0.01) and moderate positive correlation between 
PNC and nitrogen oxides (r coefficients of 0.55, 0.51 and 0.59, with all p-values lower than 0.01, for NO, 
NO2: and NOx, respectively). Similarly to other studies (e.g. Zhang et al., 2017), it was not found a correlation 
with CO. These results are in accordance to previous findings (e.g. Hagler et al. 2012; Sardar et al., 2005; 
Wang et al., 2008; Zhu et al., 2002a,b). Most authors (e.g. Wolf et al., 2017and Eeftens et al., 2015) found 
higher correlations between PNC and nitrogen oxides then between PNC and PM. Stafoggia et al. (2017b), 
found moderate correlations between PNC and other pollutants, also higher for NO2.On the other hand, Talbi 
et al. (2018) found strong positive correlations between PM10-PM2.5, PM10-PM1, and PM2.5-PM1 at the 
roadside (0.85, 0.81 and 0.88, respectively). Contrarily, some studies also observed negative correlations of 
PM10 with size fractions below 50 nm (e.g. Leitte et al. 2012). However, it should be stressed that the time 
lag in these studies was much greater (annual averages) than in our case: our results concern 15-minutes 
and 1-hour means for nitrogen oxides and PM, respectively. This fact might explain the discrepancies of our 
results.  
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Figure 4.8: Statistical outputs for regression analysis with 95% confidence level between PNC 15-minutes averages and 
air pollutants (NO, NO2, NOx and PM10) monitored in AQMS of Av. da Liberdade. Regression for nitrogen oxides was 
done with PNC 15-minutes averages and with 1-hour averages for PM10. 
 
4.1.3.2 Entrecampos 
In this site, results of regression analysis were only statistically significant between PNC and PM10  
(r = 0.76, p= 0.03), as it can be seen in Figure 4.9. The Pearson coefficient was equal to the one obtained in 
Av. da Liberdade. However, in Entrecampos, due to the reduced sampling hours and the lack of PM10 
concentrations between 11 and 25 µg.m-3, the slope is determined by two clusters and one should be careful 
with this correlation coefficient. Results with other pollutants monitored at the AQMS of Entrecampos (PM2.5, 
NO2 and CO) were not statistically significant. The absence of correlation between PNC and PM2.5 is in 
accordance with previous findings (e.g. De Jesus et al., 2019). The authors claim that PNC and PM2.5 are 
not representative of each other. 
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Figure 4.9: Statistical outputs for regression analysis with 95% confidence level between PNC 1-hour averages and 
PM10 monitored in AQMS of Entrecampos. 
 
4.1.4 Correlation between PNC and meteorological parameters 
Unlike other studies (e.g. Onat et al., 2019), we did not find correlations between PNC and 
meteorological parameters such as temperature and relative humidity. As mentioned before, the 
meteorological parameters were obtained with 1-hour resolution from IPMA Gago Coutinho weather station 
(http://www.ipma.pt/en/otempo/obs.superficie/), located 2.7 km in a straight line, NNE to the sampling site in 
a non-urbanized area, which might explain the lack of correlation. Regarding wind, in accordance with 
previous studies (e.g. Onat et al., 2019), a moderate negative correlation (r = -0.48, p = 0.03) was obtained 
in Av. da Liberdade (Figure 4.10). In Entrecampos (Figure 4.11), the correlation between PNC and wind 
speed was positive and moderate (r = 0.74, p = 0.04). Though, once again due to the reduced sampling 
hours, this result must be taken with caution. Entrecampos sampling site is located approximately 2 km South 
to runway 03. Therefore, the plumes emitted by aircrafts when they are approaching to land can be 
transported to sampling site, under winds from NNW to NNE, which might explain the obtained positive 
correlation. For aircraft (buoyant) plumes, higher wind speeds promote faster ground arrival, 
counterbalancing the dispersion (Hudda et al., 2018). Therefore, under these conditions (higher wind speeds 
and downwind to the aircraft plume), aircraft emissions are supposed the have a widespread impact on the 
affected area (Simon et al., 2017). Still, once again, one should be careful with the fact that the slope is 
determined by two clusters, given the lack of wind speed between 10 and 15 km.h-1. 
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Figure 4.10: Statistical outputs for regression analysis with 95% confidence level between PNC 1-hour averages and 
wind speed, in Av. da Liberdade. 
 
 
Figure 4.11: As in Figure 4.10 but respecting to Entrecampos. 
 
High temperatures are usually responsible for intense convection which promotes the dispersion of 
pollutants, reducing their ground level concentration. On the contrary, low temperatures weaken convection 
(Lin et al., 2009), which leads to higher atmospheric PM concentrations. On the other hand, precipitation 
enhances the wet deposition phenomenon (Shen et al., 2009) promoting decreasing in PM atmospheric 
concentrations. Additionally, it has been shown that for stable atmospheric conditions, low wind speed 
(breeze) or thermal inversion layer, higher rates of RH lead to an increase of PM concentrations (Mu et al., 
2011). Onat et al. (2019) reported that UFP are significantly positively associated with RH. Moreover, a study 
conducted by Morawska et al. (2008), reported that on colder days the greater atmospheric stability (less 
dispersion) and lower mixing layer height probably contribute to the increase in PNC. Evidence also suggests 
that traffic-related average PNC is highest in cold days (Fujitani et al., 2012; Pirjola et al., 2006).  
As in our case, Talbi et al. (2018) found very poor correlations between PNC and meteorological 
variables (temperature, wind speed, precipitation and relative humidity). The authors justify this lack of 
correlations with the fact that the distance between the sampling site and the road was less than five meters, 
which was also our case, meaning that the effect of weather conditions on PM concentration is barely 
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detectable. On the contrary, measurements made far from the source showed a clear dependence with 
positive correlations with meteorological variables. 
A summary of all regression analysis outputs is presented in Table 4.4. 
 
Table 4.4: Summary of statistical outputs for regression analysis with 95% confidence level between PNC and other 
pollutants and meteorological parameters, in Av. da Liberdade and Entrecampos. 
Parameter 
Av. da Liberdade Entrecampos 
r p-value r p-value 
PM10 0.80 < 0.01 0.76 0.03 
PM2.5 (1) NSS 
NO 0.55 < 0.01 (1) 
NO2 0.51 < 0.01 NSS 
NOx 0.58 < 0.01 (1) 
CO NSS NSS 
Wind   -0.48 0.03 0.72 0.04 
RH NSS NSS 
T NSS NSS 
NSS – Not statistically significant. 
(1) Pollutant not measured by the respective AQMS. 
 
4.2 LISBON AIRPORT 
The measurements taken at each sampling site (minimum, average, mode and maximum PNC), the 
respective average meteorological parameters (mixing layer height (ML), wind intensity (v), temperature (T) 
and relative humidity (RH)) and distance to runway are summarized in Table 4.5. 
Results obtained for PNC average, mode and standard deviation are presented in Table 4.6. Except 
for site 3, in which most of the measurements were done under NIWD, in the vicinity of LA all sites present 
mode values higher than 100 x 103 pt.cm-3. Mode values in sites under the take-off path (12.3 and 13.4 x 103 
pt.cm-3) are lower than the ones measured in the sites lateral to the runway (16.2 and 17.1 103 pt.cm-3). The 
differences in altitude and the height of the aircraft may explain these particularities. 
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Table 4.5: Sampling date and period for each airport-related site and the corresponding height of the Mixing Layer (ML), 
wind speed (v) and direction, temperature (T), relative humidity (RH) and measured minimum (Min), mean, mode, and 
maximum (Max) PNC values. 
Site Date 
Period Distance ML Wind T RH PNC [pt.cm-3] x 103 
[Time UTC] [m] [m] v [km.h-1] Direction [ºC] [%] Min Mean Mode Max 
 Sites located far from the influence of LA (1) 
1 11/07/17 14:49 – 19:04 2 836 617 6 NNW 28 29 3.0  14.1 10.2 233  
2 13/07/17 13:29 - 17:49 1 895 400 6 NNW 33 32 1.4  15.9 15.6 277  
 Sites located in the landing direction and/or under the influence of LA activities (1) 
3 18/07/17 14:05 – 18:01 314 1 000 4 NW 23 61 0.9 20.5 2.0 194 
4 20/07/17 14:00 – 18:02 349 1 083 7 NNW 22 44 26.2 73.1 106 140 
5 01/10/17 05:44 – 08:29 337 0 14 NNW 18 82 0.8 33.1 1.2 342 
5 05/10/17 06:08 – 08:08 337 0 5 NNW 14 87 5.4 52.7 112 227 
6 22/10/17 10:35 – 10:52 610 724 15 NNW 19 43 2.6 92.4 158 469 
7 29/10/17 10:05 – 11:52 497 288 16 NNE 20 35 9.9 56.9 103 343 
11 19/11/17 10:28 – 11:58 1 197 185 9 NNE 17 48 12.0 58.7 108 227 
13 08/12/17 16:05 – 00:00 4 886 0 7 NW 14 91 3.9 14.6 14.4 120 
13 09/12/17 00:00 – 04:58 4 886 0 9 NW 12 86 1.2  3.6 1.5 29.9 
14 31/03/18 22:10 – 00:00 1 548 0 7 SW 12 78 3.4 5.1 5.6 8.5 
14 01/04/18 00:00 – 07:52 1 548 0 5 SW-SE 10 84 2.7 6.7 7.0 13.2 
14 30/05/18 23:10 – 00:00 1 548 0 14 NW 15 84 2.2 4.7 3.2 28.3 
14 31/05/18 00:00 – 11:43 1 548 0-2336 8 NW 16 80 0.8 4.1 
1.7 23.2 
 Sites located in the take-off direction( 2) 
8 11/11/17 10:32 – 12:22 821 414 7 NNE 22 46 9.1 21.1 13.4 325 
12 25/11/17 09:42 – 12:03 1 272 734 7 NNE 16 89 9.5 15.2 12.3 243  
 Sites located laterally to the runway (3) 
9 15/11/17 09:51 – 11:39 692 110 9 NNE 17 41 7.8 34.5 17.1 172 
10 18/11/17 09:51 – 12:06 872 178 6 NNE 19 44 6.1 25.0 16.2 325 
(1) The distance is indicated relative to the start of the runway 03, in a straight line. 
(2) The distance is indicated relative to the end of the runway 03, in a straight line. 
(3) The distance is indicated relative to the centre of the runway 03, in a straight line 
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Table 4.6: Average, mode and standard deviation (SD) of PNC on airport-related sites, in pt.cm-3 x 103. Sites are arranged 
by location and distance to the airport. 
Location Site Distance to LA [m] Average Mode SD 
Sites located in the landing direction 
and/or under the influence of LA 
activities (1) 
3 314 20.5 2.0 35.7 
5 337 41.3 112 33.3 
4 349 73.1 106 32.2 
7 497 56.9 103 34.8 
6 610 92.4 158 74.8 
11 1 197 58.7 108 32.6 
Sites under the take-off path (2) 
8 821 21.1 13.4 23.6 
12 1 272 15.2 12.3 4.5 
Sites lateral to runway (3) 
9 692 34.5 17.1 22.3 
10 872 25.0 16.2 18.1 
Sites under the landing path, in 
residences at the 5th floor level (1) 
14 1 548 5.5 5.6 4.1 
13 4 886 10.4 14.4 6.6 
(1) The distance is indicated relative to the start of the runway 03, in a straight line. 
(2) The distance is indicated relative to the end of the runway 03, in a straight line. 
(3) The distance is indicated relative to the centre of the runway 03, in a straight line 
 
4.2.1 Statistical Analysis 
Generically, the highest PNC values (average, median, standard deviation and maximum) were 
found at sampling sites 4, 5, 7 and 11, in LA vicinity, up to 1200 m. Figure 4.12 presents the 10-minutes PNC 
averages under impact wind direction and other directions (NIWD). Results show that downwind average 
PNC ranges from 3.3 x 104 pt.cm-3 to 5.9 x 104 pt.cm-3, and the peaks range from 2.3 x 105 pt.cm-3 to 3.4 x 
105 pt.cm-3. Measurements in non-impact wind conditions or further away to LA have lower standard deviation 
and PNC values (Figure 4.12). Sampling sites located laterally to LA main runway (sites 9 and 10) present 
higher average PNC values than sampling sites located under the take-off path (sites 8 and 12): 2.5 x 104 
pt.cm-3 to 3.5 x 104 pt.cm-3, and 1.5 x 104 pt.cm-3 to 2.1 x 104 pt.cm-3, respectively. Still, both locations present 
high peak PNC values, range from 1.7 x 105 pt.cm-3 to 3.3 x 105 pt.cm-3. 
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Figure 4.12: 10-minute PNC averages obtained under impact wind direction (blue) and non-impact wind direction 
(grey). Sites are ordered by distance to runway and type of location. 
 
The obtained results for IWD are presented in Table 4.7. Generally, there are no relevant differences 
between impact wind direction and other directions values. These results show that most of the time, and 
regardless the site, measurements were made downwind. The highest differences occur in sites lateral to 
runway and site 6. Therefore, results may be slightly sub-estimated. 
Table 4.7: Impact wind directions (IWD, in º) by site. 
Site IWD (º)  Site IWD (º) 
3 
4 
5 (Flights)(1) 
5 (Idling) (1) 
6 
7 
8 
351 – 360 
351 – 360 
321 – 330 
11 - 20 
1 – 10 
61 – 70 
21- 30 
 9 
10 
11 
12 
13 
14 
71 – 80 
91 – 100 
51 – 60 
101 – 110 
311 – 320 
311 – 320 
(1) Please see Figure 4.21. 
 
These results are in agreement with the results by Hudda et al. (2014) which analysed UFP 
emissions in the Los Angeles International Airport, which reach the same level of the ones from the entire 
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city road network. According to this study, the highest UFP concentrations were found aligned downwind to 
the aircraft’s trajectories. In this direction, at 8 km distance from the airport, concentrations over 7.5 x 104 
pt.cm-3, were registered. Still regarding Los Angeles airport, Riley et al. (2016), found a 3 to 5-fold increase 
in UFP concentrations in transects under the landing approach path. An increase from 1.4 x 104 pt.cm-3 (non-
downwind conditions) to 4.2 x 104 pt.cm-3 (downwind conditions) at 40 km distance from the Schiphol airport 
(Netherlands) was also observed (Keuken et al., 2015). Additionally, a 2 x 104 pt.cm-3.min-1 UFP 
concentration increase within 5 minutes after take-offs in Ciampino airport (Rome, Italy) was reported, being 
incremented by three when measurements were taken under downwind conditions (Stafoggia et al., 2016). 
Psanis et al. (2017) concluded that UFP concentrations increase by two orders of magnitude during take-offs 
in a small airport of the Aegean Sea Insular Region. Ren et al. (2016) found UFP emissions during one take-
off to be the twice of the UFP emissions from all gasoline passenger vehicles in Tianjin. This study was 
carried out up to 400 m way from Tianjin International Airport in China for particles from 10 nm to 1 µm. 
Authors found UFP to be the main aircraft particles emissions. It is also highlighted the lack of studies in the 
immediate airport vicinity (up to 400 m away) and within the airport (Ren et al., 2018). 
Single factor ANOVA among sites presented in Table 4.8 clearly presents statistically significant 
differences in the means among all sites (p-value much lower than 0.01). This result shows that at least one 
site presents a different mean value. However, when applied to sites with identical location, ANOVA outputs 
indicate that means are statistically identical.  
Table 4.8: Single factor ANOVA among all sites. 
Source of 
Variation SS df MS F P-value F crit 
Between Sites 199145 13 15319 64,4 5.1E-92 1.7 
Within Sites 101856 428 238    
Total 301001 441     
 
Table 4. 9 resumes the obtained p-values. Residential sites present statistically different means. 
However, it should be noticed that they are about 5 km distance from each other. When site 6 is added to 
“Landing path and/or under LA influence” group, ANOVA returns a p-value much lower than 0.01. This result 
highlights the particular aircraft plume dispersion conditions. This site is located close to LA (610 m from 
runway 03) in a terrain depression in comparison to the LA baseline. This particular orography affects the 
aircraft plume dispersion leading to higher PNC than the values measured in site 7, closer to LA (500 m from 
runway 03), but a few meters higher than site 6. 
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Table 4.9: Single factor ANOVA among sites with similar characteristics. 
Sites Location p-value 
1 and 2 Out of LA influence 0.42 
9 and 10 Lateral to LA 0.15 
8 and 12 Take-off path 0.09 
13 and 14 Residences < 0.01 
4, 5, 7 and 11 Landing path and/or under LA influence 0.30 
 
Results from regression analysis between PNC and the number of flights show significant correlation 
coefficients (r) between PNC and the total number of flights, as well as, between PNC and the number of 
landings and take-offs (Figure 4.13 to Figure 4.15). Results show higher positive correlations between PNC 
and the number of flights (r = 0.90, p = 0.01). Comparing the obtained results for take-offs and landings 
(please see Data Analysis for details), take-offs have a significant and higher positive correlation value (r = 
0.86, p = 0.01) than landings, although also statistically significant (r = 0.78, p = 0.04). During landings aircraft 
engine power is approximately set to 30 % while it operates at 100 % power during take-off, with consequent 
higher emissions (ICAO, 2011). The obtained results from regression analysis between PNC and mixing 
layer height were insignificant. On the other hand, correlations between PNC and wind intensity (Figure 4.16) 
shows a moderate positive statistically significant correlation (r = 0.57, p < 0.01). 
 
Figure 4.13: Overall statistical outputs for regression analysis with 95% confidence level between PNC 10-minutes 
averages and the number of landings. 
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Figure 4.14: As in Figure 4.13 but respecting to the number of take-offs. 
 
Figure 4.15: As in Figure 4.13 but respecting to the number of flights (landings and take-offs). 
 
Figure 4.16: As in Figure 4.13 but respecting to wind intensity. 
 
Obtained results are in agreement with previous studies (Campagna et al., 2016; Keuken et al., 2015; 
Psanis et al., 2017; Riley et al., 2016; Stafoggia et al., 2016) that found significant positive correlation values 
between PNC and total number of flights. Additionally, the stronger relationship between PNC and take-offs 
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highlights that take-offs have stronger impact on PNC, also in accordance with previous studies (e.g. Ren et 
al., 2016; Stafoggia et al., 2016). Also, the moderate positive correlation between PNC and wind intensity is 
in accordance with previous studies. Generally, higher wind speed promotes greater dispersion and mixing, 
and PNC and wind speed are negatively correlated. However, for buoyant aircraft plumes, higher wind 
speeds promote faster ground arrival which counterbalance the dispersion (Hudda et al., 2018).  
The range of 10-minutes PNC average by site is plotted in Figure 4.17. Sites are ordered by typology 
of location and increase distance to LA. Higher dispersion values were obtained for site 5 and 6, even though 
with higher mean, median, quartiles and extreme values over site 6. Therefore, the highest values and range 
dispersion are downwind located close to the airport (Figure 4.18). Lower dispersion values were obtained 
for sites 12 and 14 with mean, median and quartiles very similar and lower than 20 pt.cm-3 x 103. The lowest 
PNC were obtained during non-downwind conditions (sites 1, 2, 3, 8, 12 and 14) or further away to LA (site 
13). Comparing sites far from intensive road traffic influence (sites 9, 10 and 11) to sites close to intensive 
road traffic influence (sites 1 and 2), higher PNC was found on sites far from intensive traffic road, downwind 
to LA.  
 
 
Legend: A - Sites out of LA influence 
B - Sites lateral to runway 
C - Sites under the Take-off path 
D - Sites under the Landing path and/or under the influence of other LA activities 
E - Sites under the Landing path, in residences at the 5th floor level 
Figure 4.17: Boxplot of 10-minutes PNC mean distribution by site ordered by location and increase distance to LA (please 
see sites spatial distribution in Figure 3.23b). (1st quartile, average (x), median (-), 3rd quartile and outliers (dots)). 
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Figure 4.18: LA-related PNC geographical distribution: minimum, average and maximum (PNC expressed in pt.cm-3). 
 
Sites closer to LA present the higher PNC, except for residential sites (13 and 14). Although site 14 
is much closer to LA then site 13, PNC are lower in site 14 which might be explained by the reduced power 
of aircraft engine when it flies near this site. All the sites in group D are close to each other. The major 
difference among them is the surroundings (e.g. terrain depression which is the case of site 6). Therefore, 
besides proximity to LA, ventilation also plays an important role in PNC. 
This result highlights that air traffic contributes to elevated PNC downwind to airport, as previously 
concluded by several studies (e.g. Keuken et al., 2015, Shirmohamadi et al., 2017). 
 
4.2.2 Influence of Wind and Mixing Layer’s Height on PNC 
Figure 4.19 illustrates the concentrations measured at five sites (4, 5, 6, 7 and 11) close to the landing 
route, near the LA (a) for different wind intensities and for different ML height (b). These particular sites were 
chosen for comparison because of their characteristics in the vicinity of LA and close to the same flight path 
(landing). The highest PNC values were obtained for higher wind intensity (higher than 14 km.h-1); relation 
between PNC and mixing layer height is unclear. These results show that, close to LA, both wind speed and 
direction affect PNC values, which is in accordance to the results obtained by Ren et al. (2016) and 
emphasize that higher wind speeds lead to higher PNC peaks by promoting faster ground arrival of the 
plumes emitted by aircrafts, counterbalancing the dispersion (Hudda et al., 2018). 
The highest PNC maximum and average values were obtained in site 6, 610 m away from the start 
of the runway, in a straight line. These results can be explained by the terrain depression in comparison to 
the LA baseline. This adverse orographic conditions to aircraft plume dispersion associated with the high 
turbulence generated by landings, when the aircraft altitude is very low (75 m above the ground), lead to a 
PNC increase by 7-fold, compared to the values obtained without landings.  
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Figure 4.19: PNC concentrations at five sites located in LA landing route vicinity, ordered by increasing distance to the 
runway (a), and corresponding wind speed and ML height (b). 
 
Results for sampling site 5 allow a comparison of PNC values between absence and during LTO 
cycles. The maximum value was recorded for the higher wind speed, which can be explained by instant 
plume transport, in accordance to correlation found between PNC and wind speed. In the vicinity of LA the 
lowest recorded value was obtained in sampling site 5 after a period of approximately 3 hours without 
landings or take-offs. With the beginning and intensification of air traffic, during morning period, these 
concentrations increase about 10 times compared to those observed after the short period without aircraft 
movement. The results obtained at sampling site 5, illustrated in Figure 4.20, show that the number of LTO 
cycles and aircraft movement in the airport, particularly when they are holding for take-off, cause a significant 
PNC increase. These results show an increase of PNC when the aircraft passes near the monitoring site, 
similarly to what Hsu et al. (2012) and Masiol et al. (2016) had also concluded. 
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Figure 4.20: UFP concentration at sampling site 5 (LA vicinity) and LTO cycles differentiated by long-haul flights and 
low/medium-haul flights. 
 
Regarding the aircraft’s type (long-haul flights versus low/medium-haul flights), associated with large 
and small aircrafts, respectively, data showed no differences on PNC (Figure 4.20), in accordance with 
conclusions reached by Stafoggia, et al. (2016). 
Results show that PNC increases with most of the flight occurrences, but not all, particularly for the 
sampling points located across the take-off route. Nevertheless, we would like to highlight that the PNC 
measurements are carried out at a fixed point on the ground, whereas an aircraft moves quickly and has a 
3-dimensional movement and the wind suffers constant variations of intensity and direction. For these 
reasons, it was not always possible to establish a direct relationship between the LTO cycles and the obtained 
measurements, as showed by Campagna et al. (2016).  
Figure 4.21 represents the mean of 10-minutes PNC averages by 10º ranges of wind direction and 
the number of LTO cycles occurred during those wind direction ranges, at sampling site 5. This site is located 
at approximately 350 m east to the beginning of the runway, close to the airport fence, and also near to the 
taxiing lane used by aircrafts to access the main runway. The impact wind direction for landings and take-
offs is 320 to 329º (Figure 4.21a) is consistent with the site relative position to the beginning of the runway 
(black thin arrow), as indicated by the small dashed red line (Figure 4.21b). The impact wind direction for 
taxiing is 10 to 19º (Figure 4.21a) is also consistent with site relative position to taxing lane (blue large dashed 
line) as illustrated by the orange dot line (Figure 4.21b). Aircrafts idling to take-off contribute to relevant PNC 
increase. However, the most notorious increase is registered with take-offs and landings. 
For distinct and complementary purposes, results obtained at a 5 km distance from LA, at a 5th floor 
level, and under thermic inversion conditions from the ground, are presented in Figure 4.22. The PNC is 
given in 10-minute average and the bars represent the number of landings occurred during each 10-minute 
period. These results clearly show that PNC values during landing period are higher than 10 pt.cm-3 x 103, 
with peaks of 20 pt.cm-3 x 103. When the landings stop, these values fall down to 5 pt.cm-3 x 103 and later to 
2 pt.cm-3 x 103. Thus, it is possible to conclude that, even for distances 5km far from the LA, the impact of 
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airplanes’ landing is noticeable on PNC registries. Moreover, only when landings stop is that PNC starts to 
lower. 
 
 
 
 
 
 
 
 
 
 
Figure 4.21: (a) 10-minutes UFP average concentration, number of flights and wind direction, in LA vicinity (site 5) (b) 
Geographical detail of sampling site: relative position to the beginning of the runway (small dashed red arrow) and to 
aircrafts idling to take-off (pointed orange arrow). The runway is represented by the black arrow and idling path by the 
large dashed blue line. 
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Figure 4.22: UFP concentration at sampling site 13 (landing path, far from LA) and number of landings during a 10-
minutes period. 
4.3 IN-LAND PASSENGER FERRIES 
There are substantial different characteristics among the sampling sites. Therefore, the results and 
discussion will be performed by site. The measurements taken at each sampling site (minimum, average and 
maximum PNC), the respective average meteorological parameters (mixing layer height, wind intensity (v) 
and direction, temperature (T) and relative humidity (RH)) are summarized in Table 4.10. Results of PNC 
average, mode and standard deviation are presented in Table 4.11. 
Obtained 1-minute PNC averages by site and under downwind conditions are plotted in Figure 4.23. 
Higher dispersion values were obtained for Cacilhas and Seixal (standard deviation (SD) 11.92 x 103       
pt.cm-3 and 11.76 x 103 pt.cm-3, respectively). Higher mean and median (21.09 x 103 pt.cm-3 and 16.2 x 103 
pt.cm-3, respectively) were found in Cacilhas and the higher maximum (70.05 x 103 pt.cm-3) was obtained in 
Seixal. Minimum PNC values are lower in Montijo. Cacilhas presents the highest maximum PNC. Montijo 
and Seixal stations present slightly higher mode values and the highest peak values are found in Cacilhas 
and Seixal. 
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Table 4.10: Sampling date and period for each ferry-related site and the corresponding height of the Mixing Layer (ML), 
wind speed (v) and direction, temperature (T), relative humidity (RH) and measured minimum (Min), mean, mode, and 
maximum (Max) PNC values. 
Site Date 
Period ML Wind T RH  PNC [pt.cm-3] x 103 
[Time UTC] [m] v [km.h-1] Direction [ºC] [%] Min Mean Mode Max 
Barreiro 
05/07/18 16:13 – 18:08 1351 0 SW 25 59 1.1 10.0 10.4 249 
17/09/18 07:40 – 11:02 235 0 WSW 25 62 1.0 8.7 10.4 77.3 
18/09/18 18:06 – 18:35 864 0 NW 28 50 1.5 15.1 14.6 31.2 
30/09/18 10:30 – 16:06 155 1 WSW 30 43 0.8  6.8 10.1 55.0 
Cacilhas 
06/07/18 14:49 – 16:59 896 1 NNW 27 41 3.6 10.2 10.5 66.3 
18/09/18 06:50 – 08:25 864 1.2 WNW 19 78 2.4 8.1 10.3 90.5 
19/09/18 06:30 – 11.29 524 0.3 NW 20 72 4.0 35.0 42.0 95.5 
21/09/18 06:50 – 11:07 728 2 NW 22 73 1.9 11-6 10.2 99.1 
30/09/18 08:20 – 09:35 155 0.0 ENE 22 73 3.6 11.4 11.8 61.2 
27/12/18 23:12 – 23:59 0 0.0 N 11 88 4.8 13.9 13.5 25.6 
28/12/18 00:00 – 01:13 0 0.0 W 10 89 7.4 9.5 10.1 48.4 
Montijo 
10/09/18 05:45 – 08:88 3301 1.0 WSW 18 82 1.3 5.9 5.6 68.7 
10/09/18 14:46 – 15:56 3301 6.1 WNW 33 28 4.1 9.9 11.7 17.9 
Seixal 
24/09/18 06:52 – 14.08 233 0.4 NNE 25 65 3.1 12.4 11.5 152 
27/09/18 06:48 – 11:47 1000 6.5 NE 23 77 1.1 10.4 3.7 102 
28/09/18 18:11 – 19:35 1000 7.8 ENE 25 57 3.4 15.0 11.4 123 
02/10/18 07:00 – 10:08 313 15 NW 20 43 2.9 11.7 4.4 132 
 
Table 4.11: Obtained average, mode and standard deviation (SD) of PNC on ferry-related sites, in pt.cm-3 x 103. 
Sites Average Mode SD 
Barreiro 8.7 10.4 5.9 
Cacilhas 13.0 10.1 10.2 
Montijo 7.1 11.7 3.7 
Seixal 11.8 11.5 13.7 
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Figure 4.23: Boxplot of 1-minute PNC mean distribution by ferry-related site, under downwind conditions. (1st quartile, 
average (x), median (-), 3rd quartile and outliers (dots)). 
 
PNC during the immediate eight minutes before arrivals, eight minutes after departures and eight 
minutes before and after ferry occurrences, are plotted in Figure 4.24. During rush periods, there are many 
ferry occurrences in Cacilhas and Barreiro, in average two every 10 minutes. Therefore, a time lag larger 
than 8 minutes would excessively overlap PNC related to ferry occurrences. 
As shown in Figure 4.25, during the third minute around a ferry occurrence, PNC are considerably 
higher when compared to the lowest value during this 8-minute period, ranging from 25% higher in Barreiro 
to 197% in Cacilhas. During the same period, departures are responsible in all the ports for a higher increase 
in PNC than arrivals (Figure 4.25). Given the almost constant ferry operations in the Barreiro terminal, with 
the consequent continuous emission of UFP, departure and arrival PNC values are believed to be 
underestimated. Nevertheless, they clearly show an increase of PNC as a result of departures and arrivals. 
Except for Montijo, results from regression analysis (Table 4.12) show high positive correlations (r) 
between 1-hour PNC averages and the number of ferry occurrences. This result highlights that in-land ferries 
contribute to elevated PNC downwind to ferry’s path, as previously concluded by López-Aparicio et al. (2017). 
The non-significant correlation found in Montijo can be explained by the reduced number of ferries operating 
in this connection, comparatively to the other three terminals. Comparing the obtained results for departures 
and arrivals for the four terminals, departures have a significant and higher positive correlation value than 
arrivals in Barreiro, Cacilhas and Seixal, and both are statistically significant. The exception again is Montijo, 
which presents non-significant correlations values. The obtained results from regression analysis between 
1-minute PNC averages and wind speed were different for each analysed terminal, with 
i) Montijo and Barreiro presenting not statistically significant correlations, and  
ii) Cacilhas and Seixal showing very high negative statistically significant correlations. 
The correlation results in Barreiro can be explained by the reduced wind speed range during 
sampling periods in this site (0, 1 and 4 km.h-1). Results did not show significant correlations between PNC 
and other meteorological parameters (temperature, relative humidity and mixing layer height). 
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Figure 4.24: Site by site PNC during the immediate eight minutes before/after ferry operations (blue), eight minutes 
before departures (grey), eight minutes after arrivals (yellow). 
 
Finally, the ANOVA analysis between measured PNC during periods with and without ferries 
operations show a statistically significant (p < 0.01) difference between PNC averages for all stations except 
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for Seixal. However, the lack of statistically significance in Seixal may be explained by the high frequency of 
Barreiro’s ferries which plumes are measured in this site. This result suggests that ferries emissions are 
responsible for a significant PNC increase, in accordance to what was concluded for ships by González et 
al. (2011) and Merico et al. (2016).  
 
Figure 4.25: Average PNC of ferries from/to Barreiro measured in Seixal as function of wind speed and under wind 
direction range from N to NE. 
 
Table 4.12: Obtained results of PNC increase with ferry operations, regression analysis between PNC averages and 
ferry occurrences and wind speed and ANOVA analysis between periods with and without ferry operations. 
Site Barreiro Cacilhas Montijo Seixal 
PNC 
Increments 
during 
Ferry Occurrences  25 % 197 % 69 % 79 % 
Departures  179 % 59 % 249 % 170 % 
Arrivals  43 % 25 % 35 % 79 % 
Regression 
Analysis 
Ferry Occurrences 
r 
p 
0.79 
<0.01 
0.91 
0.02 
NSS 0.94 <0.01 
Departures 
r 
p 
0.80 
<0.01 
0.92 
0.01 
NSS 0.93 <0.01 
Arrivals 
r 
p 
0.76 
0.01 
0.88 
0.02 NSS NSS 
Wind Speed 
r 
p 
NSS 
-0.93 
<0.01 
NSS 
-0.85 
<0.01 
ANOVA(1) p <0.01 <0.01 0.04 NSS 
NSS – Not statistically significant. 
(1) Analysis between PNC in periods with ferry operations and without ferry operations. 
 
As shown in Figure 4.26, Barreiro and Seixal stations are located close to each other and the ferries 
from/to Barreiro path is close to Seixal (approximately 650 m distance). In Seixal, for wind direction range 
from N to NE, PNC results exclusively from plumes emitted by Barreiro’s ferries. As it is shown in Figure 
4.25, the maximum PNC averages are measured for wind speed range 6 to 8 km.h-1. Considering this wind 
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speed range, PNC values obtained in Seixal are higher than PNC measured in Barreiro’s terminal: arrivals, 
30 x 103 pt.cm-3 in Seixal and 10 x 103 pt.cm-3 in Barreiro; departures, 35 x 103 pt.cm-3 in Seixal and 20 x 103 
pt.cm-3 in Barreiro. In accordance to previous results, obtained PNC is slightly higher for departures than 
arrivals from/to Barreiro. This result might be explained by the way the exhaust gases are emitted, close to 
the water level at the rear of the ship. During cruise phase, the water flow generated is laminar and the plume 
is emitted into ambient air; during manoeuvring and hoteling phases, water flow generated by ferry engines 
is turbulent, which prevents the plume full dispersion into ambient air, leading to lower UFP emissions. 
 
 
Figure 4.26: Detail of Barreiro and Seixal geographical location. Plumes emitted by Barreiro’s ferries affect PNC on 
Seixal when wind direction range from NE to NW. Shadowed triangle shows the wind direction range in which only plumes 
emitted by Barreiro’s ferries are measurable in Seixal; the continuous and dashed lines show the ferries paths from 
Barreiro and Seixal, respectively. 
 
Figure 4.27 shows pollution roses in each ferry sampling periods, regardless of downwind or non-
downwind direction. Except for Montijo, the highest PNC is obtained in downwind direction. In Barreiro, there 
are higher PNC levels measured from NW which are similar to the ones measured under downwind, probably 
resulting from de ferry cruising after shifting direction to NNE (please see Figure 3.23). In Montijo, the highest 
PNC was obtained for non-downwind direction, suggesting the existence of in-land UFP sources with more 
impact on PNC than de ferries.  
PNC averages obtained in each ferry terminal, by class of ferry are presented in Figure 4.28. The 
highest PNC are associated with Cacilheiros (30 x 103 pt.cm-3) Transcat with power of 2480 kW (28 x 103 
pt.cm-3) and monohull (23 x 103 pt.cm-3). The other ferries present figures from 12 x 103 pt.cm-3 to 15 x 103 
pt.cm-3. Nevertheless, as highlighted before, UFP emitted during cruising are expected to be higher than in 
stations and these figures should be interpreted only as a magnitude order. 
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Figure 4.27: PNC rose pollution in each ferry station (pt.cm-3 x 103). 
 
 
Figure 4.28: Obtained PNC average for different class of ferry operating among the four stations studied, downwind. 
 
Our findings are in good accordance with results obtained in studies of PNC related to ship transport: 
increase of PNC in the vicinity and downwind to harbour (Cullinane and Cullinane, 2013; Hulskotte and Gon, 
2010; Ledoux et al., 2018; Pérez et al., 2016; Pey et al., 2013; Viana et al., 2014) and in coastal areas 
(Ledoux et al., 2018; López-Aparicio et al., 2017; Viana et al., 2014; Westerlund et al., 2015). However, as 
mentioned above, there are no studies devoted to evaluating the PNC associated with in-land ferries 
emissions, although there are similar studies to other types of MT (e.g. Cullinane and Cullinane, 2013; 
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Hulskotte and Gon, 2010; Pey et al., 2013). However, the dimension of the ships is completely different; this 
work is focused on small ferries while the mentioned studies are focused on larger ships and vessels. 
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5 CONCLUSIONS 
The present work aimed to fulfil the lack of PNC studies in Lisbon and assess their emissions from 
road, air and river traffic in the city. Depending on the source under evaluation, sampling sites were chosen 
close to intense traffic roads with different characteristics and in the vicinity of the airport or ferry terminals. 
In the case of Lisbon Airport, sites further away were chosen to assess the area of influence of air traffic 
activities on urban and sub-urban air quality. Regarding in-land passenger ferries, one of the sampling sites 
(Seixal), was specifically chosen to add an evaluation of ferries’ impact on PNC along shore navigation paths. 
The data analysis provided new insights on how to monitor the different types of traffic mentioned and some 
of the key factors that determine the levels found. 
The next five sub-chapters will describe the main conclusions according to the source of UFP 
addressed in this dissertation, the answers to the “Research Questions”, and the last one describes the main 
restrains to this work and suggestions for future work. 
5.1 ROAD TRAFFIC 
Results clearly show that PNC levels are different among sites with different traffic characteristics (p-
values < 0.01). Although it is a strictly restricted circulation zone (LEZ1), Av. da Liberdade (downtown) 
presents the higher PNC levels and dispersion (18.2 ± 13.2 x 103 pt.cm-3) followed by a high-speed road (2nd 
Circular, 15.9 ± 13.8 x 103 and 14.1 ± 10.1 x 103 pt.cm-3, in Torres de Lisboa and Escola Alemã, respectively). 
The lowest values were found at an interception close to LEZ2 boundary (Entrecampos, 10.3 ± 5.1 x 103 
pt.cm-3). Mode values are higher in Torres de Lisboa (15.5 103 pt.cm-3), followed by Av. da Liberdade, 
Entrecampos and Escola Alemã (11.4, 10.3 and 10.2 103 pt.cm-3, respectively).  
Both in Av. da Liberdade and Entrecampos, most of the PNC peaks were associated with older 
vehicle emission events, prior to 2000, mostly buses, taxis and light-duty. Unlike the downtown site, in 
Entrecampos results show high positive correlation between 1-hour PNC means and the number of vehicles 
(r = 0.73, p = 0.04). Our limited vehicle characterization by type and Euro Standard indicates that 26 % of 
the vehicles circulating in Av. da Liberdade were taxis, of which 6 % do not meet the imposed circulation 
restrictions; 13 % are light-duty vehicles, 12 % of which do not accomplish the Euro Standard required; 7 % 
are buses, from which 3 % are prior to 2000; and 4 % are heavy-duty, from which 9 % are previous to 2000. 
The results show statistically significant strong positive correlation between PNC and PM10 (r = 0.76, 
p < 0.01) and moderate positive correlation between PNC and nitrogen oxides (NO, NO2 and NOx), with 
Pearson coefficients 0.55, 0.51 and 0.59, respectively, all statistically significant (p-values < 0.01). However, 
probably due to the reduced number of sampling hours, in Entrecampos correlations between nitrogen oxides 
and PNC were not statistically significant. 
 112 
Wind speed, even though monitored at IPMA Gago Coutinho weather station which is relative far (up 
to a few kilometres from the sampling sites), show different associations with PNC: negative moderate 
correlation in Av. da Liberdade (r = -0.48, p = 0.03) and positive strong correlation in Entrecampos (r = 0.74, 
p = 0.04). Entrecampos is relatively close to the airport and below the landing / take-off path, which might 
had influenced this result. For buoyant (aircraft) plumes, higher wind speeds promote faster ground arrival, 
counterbalancing the dispersion and leading to higher PNC levels. 
5.2 LISBON AIRPORT 
The results indicate that particle count increases with the number of flights and decreases with the 
distance to the runway and the altitude of aircrafts relative to the sampling site. Peak values of particle 
number count also increase with wind speed. Results show high positive correlations between PNC values 
and the number of flights (r=0.90) and that air traffic contributes to elevated PNC values downwind to the 
airport, especially for take-offs. Moreover, in the vicinity of the Lisbon Airport, under the landing path, mode 
values are higher than 100 x 103 pt.cm-3. This statistic value drops to values lower than 20 x 103 pt.cm-3 in 
other sites. Close to the airport south boundary (sites 3 and 5, approximately 300 m west and east to runway, 
respectively) PNC 10-minutes averages increased by 18 to 26-fold, compared to the PNC 10-minutes 
averages recorded without landing and take-off cycles. Still in the vicinity of LA but further away, until 1200 
m, the PNC increase is around 4-fold. A particular case is site 6. This site is located close to LA (610 m) in a 
terrain depression in comparison to the LA baseline. This particular orography affects the aircraft plume 
dispersion leading to PNC increases by 7-fold, almost twice the increase found in site 7, closer to LA (500 
m), but a few meters higher than site 6. Even at the furthest point of LA on the landing route (site 13), at a 5th 
floor, far from the direct influence of road traffic and under thermal inversion conditions, the influence of 
aircraft traffic was reflected on the increase of the 10-minutes PNC average, by a 16-fold, compared to the 
period without flights. 
Regarding the aircraft’s type (long-haul flights versus low/medium-haul flights), associated with large 
and small aircrafts, respectively, data showed no differences on PNC. 
These results highlight that people working or living nearby (up to approximately 1.5 km) the Lisbon 
Airport are exposed to high PNC values. Also, people working in the airport are expected to be exposed to 
even higher PNC levels for 8-hours periods, 5 days per week. Additionally, passengers spend considerable 
periods in terminals, although for shorter periods. Nevertheless, their UFP exposure were compared to be 
equivalent to approximately 11-hours of exposure to regular urban environment (Ren et al., 2018). 
Furthermore, the number of flights is expected to continue increasing over the next years, leading to an 
increase in UFP emissions. Technical protection measures should be considered in order to improve indoor 
air quality in terminals. Furthermore, future airports construction should take in account these results and 
implement technical measures to mitigate their effect on workers, passengers and nearby population. 
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5.3 IN-LAND PASSENGER FERRIES 
The results point out that PNC increases with the number of ferry operations during the minutes 
before or after arrivals or departures, respectively. The highest PNC was recorded in Cacilhas, where 
average PNC, three minutes after departures, was 40 x 103 pt.cm-3. The lowest was recorded in Montijo, 15 
x 103 pt.cm-3, also three minutes after departures. Both Barreiro and Seixal present similar figures, 
approximately 20 x 103 pt.cm-3, four and five minutes after departures, respectively. Mode values among 
sites are similar. 
Results show moderate to high positive correlations between PNC values and the number of ferry 
trips (r = 0.79 to r = 94). Ferries contribute to short-time elevated PNC values downwind to the ferries’ 
navigation paths, especially for departures. Except for Seixal, there are significant differences in PNC 
averages between periods with and without ferry operations. This fact highlights that UFP emitted by ferries 
contribute to PNC increase. High negative correlations (r = -0.85 and r = -0.93) between PNC and wind 
intensity were also found. 
Regarding ferries’ class and age, higher PNC values were found for older engines or more powerful 
engines. However, the gas exhausting system in oldest ferries is located on top of the ferry, which promotes 
better plume dispersion. For this reason, this result must be looked at with caution. Regarding catamarans 
class Damen, higher PNC was found downwind and along the cruising path (30 x 103 pt.cm-3 to 35 x 103 
pt.cm-3) than in ferries’ terminals. This result highlights that, for catamarans, UFP emissions during navigation 
are higher than during manoeuvring and hoteling. Therefore, downwind and under very weak wind (6 to 8 
km.h-1) conditions, PNC along shore path is expected to be higher than in ferries’ terminals. 
Finally, to the best of our knowledge, there are no published studies on PNC emitted by small in-land 
water bodies ferries. Therefore, our findings could not be properly compared to other results, and the current 
paper makes a unique contribution for a better understanding of the air quality impacts of this transport mode. 
These results highlight that people working in ferry stations or living downwind, along the navigation 
path, are exposed to high PNC values. Additionally, most passengers use ferries on a daily basis as a 
commutant mode, although for shorter periods. Nevertheless, their exposure to UFP during the period of 
permanence in station should not be neglected. Obtained results reveal the possibility of using the developed 
methodology to monitor the exposure to ultrafine particles in the surrounding urban area of in-land passenger 
ferries, namely in the present context of increasing number of ferry movement on Tagus river. 
5.4 ANSWERS TO RESEARCH QUESTIONS 
This section presents more detailed conclusions, summarizing the answers to the research questions 
identified in the beginning of the research work. 
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RQ1: Regarding vehicles, aircrafts and ferries traffic, what are the UFP levels in Lisbon in the 
proximity of these sources? 
This first research question was one of the main motivations for this work. Up to the date, there was 
no evaluation of UFP levels in Lisbon. Unfortunately, PM10 and nitrogen dioxide limit values have been 
exceeded very often in some air quality monitoring stations. As discussed in Chapter 4, these atmospheric 
pollutants are related with PNC levels. Also, as presented in Chapter 2, both road traffic and airports have 
been pointed as significant sources of UFP. Moreover, maritime transport is also an important source of UFP. 
Still, there is a lack of studies on passenger in-land ship transport-related UFP emissions. 
The developed work allows us to conclude that vehicles are an important contributor to PNC levels, 
especially in zones with intense traffic flows. Very frequently (as obtained by mode values) PNC levels ranged 
from 10.2 x 103 pt.cm-3 to 15.6 x 103 pt.cm-3. PNC concentrations associated to ferries were similar, with the 
most frequent values ranging from 10.1 x 103 pt.cm-3 to 11.7 x 103 pt.cm-3. Aircrafts are responsible for much 
higher PNC values. In the vicinity of the Lisbon Airport, mode values were higher than 105 pt.cm-3 (landing 
path). Zones further away to the airport, lateral to it and under the take-off path, had lower mode values (12.3 
x 103 pt.cm-3 to 17.1 x 103 pt.cm-3). However, they are slightly higher than the ones associated with vehicles 
and ferries traffic. Regarding peak values (1-minute PNC means), the higher values are found in the vicinity 
of LA, followed by the vicinity of ferries docks and shores along their pathway, and finally at roadsides.  
 
RQ2: How can we design appropriate monitoring techniques to evaluate UFP levels at 
roadside, airport landing and take-off pathways, and close to ferries stations? 
The specificity of the locations of transport infrastructures in the city of Lisbon and in the surrounding 
estuary areas, its geography, and the absence of former PNC monitoring campaigns, required a framework 
methodology that had to combine limitations from both meteorological and locations accessibility. We applied 
general standard procedures of air quality monitoring, such as: 
1) Preliminary evaluation – based on literature, identification and selection of the traffic-related main 
sources of ultrafine particles in Lisbon; 
2) Selection of best sampling locations – as described in Chapter 3, several sites in the vicinity of 
the three different sources were chosen, covering the surrounding area (LA), roads with high 
intensity of traffic, and ferry docks, and 
3) Selection of specific monitoring periods – sampling periods were chosen according to 
meteorological forecast and expected traffic intensity. 
If the evaluation of the highest levels is the primary goal, sampling has to be carried out downwind 
of the source. Considering the particularity of fast growing of ultrafine particles once they are released into 
atmosphere, sampling sites should be as close to the emission sources as possible. Sites successively 
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further away from the source, will allow to assess the area affected. During sampling periods, complementary 
information should be also measured or recorded: 
1) meteorological conditions, in particular wind speed and wind direction; 
2) vehicles counting and typology: 
i) Road traffic – differentiation according to fuel source and type of vehicle (light passenger, 
heavy passenger, taxi, light-duty, heavy-duty, ...); 
ii) Aircrafts – recording of all take-offs and landings and respective haul type; 
iii) Ferries – recording of all arrivals and departures and respective model of ferries 
3) record all specific events which might affect measurements (e.g. tobacco smoke, old 
automobiles) 
Ideally, sampling period should cover a large variety of traffic intensity, hours of the day, and seasons. 
We clearly identified “hotspots” related to the three transport types under study. Monitoring 
campaigns should allow to assess both average and peak exposure of people to UFP, even though in this 
thesis the main driver was to evaluate the high exposure levels. Therefore, locations close to the sources 
where people spend a considerable amount of time (e.g. home and work) must be monitored, allowing 
epidemiological studies to evaluate both long-time and short-time exposures.  
 
RQ3: How do meteorological conditions affect UFP monitoring? 
As mentioned in Chapter 1 and detailed in Chapter 2, meteorological conditions affect ambient 
atmospheric concentration of pollutants. The ability to measure the plume emitted by a source (aircraft, 
automobile or ferry) strongly depends on the meteorological conditions, namely on the wind direction. The 
closer to the plume’s centreline we are, the higher PNC we are able to measure and, therefore, identify the 
maximum PNC levels that population is exposed to. On the other hand, calm wind (breeze) reduces 
atmospheric pollutants dispersion, and allows measurements of higher PNC levels. Moderate winds, 
particularly in the case of the plumes emitted by aircrafts, promote a faster transport of their atmospheric 
pollutants to the ground, lessening dispersion and enabling their peak PNC levels measurement. However, 
moderate winds tend to reduce PNC readings since the plume easily disperses throughout a larger area and 
volume. High relative humidity enables fast growth of UFP size and decreases their counting. Precipitation 
promotes wet deposition and also decreases PNC. Finally, higher temperatures are usually associated with 
ascendant convective air movements, which also leads to lower PNC levels monitored at the surface. 
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RQ4: Is it possible to establish and quantify relationships between UFP levels and traffic 
intensity (vehicles, aircrafts and ferries)?  
Our findings clearly indicate that PNC increases with traffic intensity for the different transport modes 
under evaluation (Pearson’s correlation coefficients of 0.76, 0.90 and 0.79 to 0.94, between PNC and number 
of vehicles, aircrafts and ferries, respectively). In streets where traffic is very intense and flows slower (e.g. 
Av. da Liberdade), UFP concentrations are systematically high, and the PNC levels depend more on the type 
and age of the vehicles. Regarding air traffic, take-offs are responsible for higher PNC increases than 
landings. Up to approximately 1200 m to runway 03, downwind to the airport, 10-minute PNC means 
increases vary from 26 to 4-fold, when compared to 10-minutes PNC levels recorded without LTO cycles. 
Also, ferries departures are associated with higher PNC levels than arrivals. The higher 1-minute PNC means 
are found around the third to fifth minute after a ferry departure, when PNC may increase up to 2.5-fold, 
compared to the lowest 1-minute PNC mean recorded during the immediate eight minutes after a ferry 
departure. 
 
RQ5: Regarding road traffic, are there any correlations between UFP concentrations and other 
pollutants monitored by air quality monitoring stations in the vicinity? 
We found strong positive correlation between PNC and PM10 (r = 0.76) and moderate positive 
correlation between PNC and nitrogen oxides (NO, NO2 and NOx), with Pearson’s coefficients of 0.55, 0.51 
and 0.59, respectively. We did not find correlations between PNC and other atmospheric pollutants monitored 
in the AQMS. Particularly, in Entrecampos, we did not find significant correlation between PM2.5 and PNC. 
Unfortunately, this atmospheric pollutant is not measured in AQMS of Av. da Liberdade, the most critical in 
terms of air quality and where the higher traffic-related PNC levels were found. This fact disabled any deeper 
conclusions concerning correlations between these two pollutants in traffic-related sites, in Lisbon. 
 
5.5 MAIN CONSTRAINTS AND SUGGESTIONS TO FUTURE WORKS 
Despite all the rigor and effort during this work, several limitations and constraints were identified, 
mostly due to the fact that it was an investigation carried out by only one person and the measuring equipment 
was handled. We highlight: 
• Meteorological data should have been measured and recorded simultaneously to sampling at the 
same location, allowing a more robust analysis between PNC and meteorological variables, mostly 
temperature, relative humidity and wind speed and direction; 
• Difficulties on accessing areas in the vicinity of the airport (particularly aside and under the take-off 
path) and ferries’ terminals; 
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• Adverse atmospheric conditions narrowed and prevented several scheduled samplings; 
• Data from GERTRUDE system (Lisbon’s traffic management system) was scarce, insufficient (e.g. 
it does not distinguish the type and age of vehicles), and difficult to access (only by request to CML); 
• The availability of data from the AQMS network with 15-minutes resolution is difficult to get (only by 
request to CCDR-LVT). Regarding PM, it is only available with 1-hour resolution which dilutes many 
events occurred during that period; 
• There were no previous studies on PNC in Lisbon to compare the results obtained. 
 
Future works should take into account the results from this research and the main the constraints, 
especially regarding road traffic-related PNC. Idealistically, for each site, sampling should be performed by 
teams, or by placing the measuring equipment in a secure location, with supervision, and have it assessing 
for longer periods. The first hypothesis is particularly mandatory for road traffic measurements, where many 
complementary data is required, and it is impossible to be accomplished by only one person. The second 
hypothesis is perfectly suitable for aircrafts and ferries related traffic. 
Considering road traffic-related PNC characterization, future works should develop and expand this 
study, comprising similar assessments and analysis. Given our results, suggested line of work is to replicate 
this study on other traffic “hotspots”, particularly where nitrogen oxides and PM10 ambient concentrations are 
known to be frequently exceeded. For comparison, we propose parallel measurements in areas far from the 
influence of major UFP sources. These combined or disaggregated lines of work would allow to mapping 
road traffic-related PNC levels in Lisbon and provide background values. 
Regarding Lisbon Airport, future studies should focus on assessing PNC levels in residential or 
densely populated neighbour areas, especially the ones located aside the main runway or under the take-off 
path. The other less frequent traffic pattern (landing from the north and taking-off to the south) should be also 
evaluated. 
Similar works are required to better characterize the influence on PNC of passenger ferries along 
shore, both downwind and upwind to the ferries’ path. Another important source of UFP, not considered in 
the present study, is the Lisbon Harbour, particularly the high activity of cruise ships. Future works devoted 
to maritime transport (including both cruises and cargo) will allow to draw an in-depth knowledge of UFP 
concentrations in Lisbon and the relative contributions of their main sources. 
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